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ANATYSTS AND DESIGN PROCEDURES FOR A FLAT, DIRECT-
CONDENSING, CENTRAL FINNED-TUBE RADIATOR
by Richard P. Krebs, Henry C. Haller, and Bruce M. Auer

Lewis Research Center

SUMMARY

An analysis of a flat, direct-condensing, central finned-tube radiator
rejecting heat from both sides was performed that enabled the design of space
radiators to meet minimum weight and geometric requirements. Two electronic
digital computer programs were developed. The first program is based on a
fixed conductance parameter and yields a minimum weight design. The second
employs a variable conductance parameter and variable ratio of fin length to
tube outside radius. This program can be used for radiator designs that have
geometric limitations. Both programs consider a Rankine thermodynamic cycle,
vapor and liquid headers, pressure drop in the radiator tubes and headers,
meteoroid protection for the tubes and headers, radial temperature drop in the
tube wall, and fin and tube radiant interchange in the development of the
descriptive equations.

Major outputs of the two programs include: +tube length, number of tubes,
radiator aspect ratio, radiator weight, fin length and thickness, specific-
heat-rejection rate, and header geometry. These outputs are based on the
choice of input variables such as tube inside diameter, temperature and power
levels, fin and armor materials, prescribed pressure drops in tubes and
headers, mission time and probability of no punctures by meteoroids, and
radiator-header-panel configuration.

A l-megawatt, high-temperature Rankine system was chosen for compari-
son of the two programs. The maximum heat rejected per unit weight was used
as the evaluating parameter. The calculated results showed that the value of
the product of the conductance parameter and the apparent emissivity for maxi-
mum heat rejection per unit weight, as determined by the Parametric Program,
although different from that used in the Minimum Weight Program, resulted in
radiator weights that agreed to within 2 percent at maximum heat rejection per
unit weight. Radiator planform area, fin thickness, and panel aspect ratio
were also investigated and compared favorably.

INTRODUCTLON
Large quantities of electric power will be required for a variety of space

applications within the foreseeable future. These applications include elec-
tric power supplies for satellites, lunar bases, and orbital laboratories, as



well as for electric propulsion for interplanetary travel. Due consideration
of the design of nonpropulsive power supplies must be given to the weight-
carrying and size capabilities of the ferrying vehicle.

The feasibility of many space missions utilizing electric propulsion de-
pends on obtaining a specific weight (powerplant weight/power output) of the
power conversion system that is low enough to permit large payload weight and
extended missions. Currently, a leading contender for the electric power
source is a generator driven by a turbine operating in a Rankine cycle and
using a liquid mebtal as the working fluid. One of the major problems asso-
ciated with such a cyecle is the rejection of waste heat by the radiator.

Previous studies (refs. 1 to 5) have indicated that the required radiator
may be a large part of the total conversion system weight. It is also obvious
that the space and maximum internal dimensions of the boost vehicle will be
limited. It therefore becomes necessary to design lightweight radiators that
also satisfy radiator-vehicle integration requirements. Thus, such factors as
radiator area and component dimensions as well as minimum specific welght be-
come important considerations.

Many papers on direct-condensing radiators for Rankine vapor cycles are
available (i.e., refs. 6 to 12), but none is sufficiently complete nor appli-
cable for setting up a general radiator design computer program. Thus, it be-
comes necessary to combine and improve the available information into a reason-
ably thorough approach to the problem. The programs developed can also serve
as a basis for the comparison of other approximate or less sophisticated pro-
cedures.

The analysis presented herein is a comprehensive approach to the design
of direct-condensing space radiators. A cycle analysis is included to provide
vapor-flow and heat-rejection rates and quality and to permit the study of the
effects of power level and temperature level. Also included in the analysis
are the contributions of the vapor and liquid headers along with the pressure
drops in the radiator tubes, headers, and junctions. The effect of the tem-
perature drops, which accompany the pressure drop in the tube and at the tube-
header junction, is also included. The basic finned-tube configuration chosen
is a central-finned constant-diameter tube lying in a flat plane radiating from
both sides to a 0° space sink temperature. Provision for consideration of
several panel arrangements is also included. The analysis is based on radial
one-dimensional heat conduction in the tube and one-dimensional heat conduction
down the length of the fin with blackbody mutual irradiation occurring between
the fin and tube surfaces. The effect of surface emissivity less than unity
is treated by introducing an approximate approach that uses an apparent emis-
sivity of the finned-tube cavity. Meteoroid protection considerations are in-
cluded for the radiator tubes as well as for the vapor and liquid headers.

Two sophisticated programs evolved from these analyses. The first of
these permits a radiator design that will satisfy specific radiator geometry
requirements over a wide range of conditions. At the same time the radiator
weight can be accurately optimized. This program, henceforth called the Para-
metric Program, is based on a variable value of a conductance parameter that



describes the thermal behavior of the fin. The program requires considerable
detail and computer time to obtain a desired radiator design.

The complexity involved in determining an optimum radiator configuration
as given by the Parametric Program procedure made it necessary to develop a
second program with a more rapid calculation procedure. This procedure, which
could be used for preliminary purposes to define the region of interest for a
design study, can rapidly investigate the factors influencing radiator design
and weight without regard to specifics such as area or fin geometry limitations
and requirements. This program, which is based on a fixed value of conductance
parameter, is referred to as the Minimum Weight Program.

Both programs treat tube inside diameter, fiuid temperature, power
level, material properties, mission parameters, tube and header pressure
drops, and meteoroid protection criteria as the input variables. Calcula-
tions employing these inputs yield the weight and characteristic dimensions of
the finned-tube space radiator. The programs are divided into subroutines so
that other finned-tube configurations, such as the open or closed sandwich
finned-tube geometries (ref. 13), can be adapted without completely rewriting
the program.

A sample set of calculations are given for both the Parametric and the
Minimum Weight programs. The results are compared for a typical example con-
sisting of a l-megawatt powerplant radiating waste heat at 1700° BR.

SYMBOLS
area, sq ft

A
A, planform area as defined by eq. (111), sq ft
A, vulnerable area, sq ft

a spalling factor

B radiosity, radiation leaving surface per unit time and area
c sonic velocity in armor material, ft/sec

cp specific heat, Btu/(1b) (°F)

D diameter, ft

Et Young's modulus of tube armor material, lb/sq ft
F geometric angle factor

Fe tube surface effect on fin heat loss

Ft tube radiant interchange factor




gl

hSC

occlusion factor

Fanning friction factor

units conversion factor, 32.17 ft/secz

enthalpy, Btu/lb

heat of condensation, Btu/lb

subcooler heat-transfer coefficient, Btu/(hr)(sq £t)(°F)
mechanical equivalent of heat, 778 (ft)(1b)/Btu
radiation-distribution parameter, (qi + qp)/eonD;TE
fluid turning loss factor from header to tubes
fraction of generator output available as power output
thermal conductivity, Btu/(ft)(hr)(°F)

fin half-length, ft

condenser length, ft

subcooler length, ft

constant describing panels

number of radiator tubes

conductance parameter, ZGTng/kt

number of penetrations permitted

integer

pressure, 1b/sq ft

probability of N penetrations

electrical power output, kw

total heat flow rate, Btu/hr

total heat added to cycle fluid, Btu/hr

work output, Btu/hr

heat rejected by vapor header and radiator panel, Btu/hr
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Re
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heat rejected by entire system, Btu/hr

specific heat flow rate, Btu/lb

heat rejection per unit time and length of tube, Btu/(hr)(ft)
gas constant, (£t)(1b)/(1b)(°R)

Reynolds number

tube inside radius, ft

tube outside radius, ft

fraction of flow area occupied by one phase
entropy, Btu/(1b)(°R)

header surface area, sq ft

absolute temperature, °Rr

temperature of base surface of fin and tube, °rR
amount of subcooling, op

fin thickness, ft

velocity of vapor, ft/sec

velocity of liquid, ft/sec

average meteoroid velocity, ft/sec

weight, 1b

total weight flow, 1b/sec

ideal work output of cycle, Btu/lb

panel width, ft

weight flow per tube, lb/sec

dimensionless coordinate, x/L

fraction of radiator heat rejected by fin and tubes

fraction of radiator heat rejected by vapor header



X position coordinate on fin, ft

Y length of vapor header as defined by eq. (52)

Z tube length, ft

a, B experimentally observed constants for meteoroid mass distribution
o} tube wall thickness, ft

€ surface hemispherical emissivity

3 apparent emissivity of isothermal finned-tube cavity
ngct gray body overall effectiveness

Mg flat plate blackbody fin efficiency

n? blackbody fin effectiveness

ng generator efficiency

ni blackbody overall effectiveness

Mg turbine efficiency

ni blackbody tube effectiveness

2 temperature ratio, T/T,

Og space sink temperature ratio, Tg/T,

o d6/aX evaluated at X = O

o viscosity, 1b/(ft)(sec)

p density, 1b/cu ft

g Stephan-Boltzmann constant, 1.713x10~9 Btu/(sgq ft)(hr)(oRé)
T nmission time, days

X, 0 two—ﬁhase-flow parameters

Subscripts:

a armor

act actual



b boiler

c liner

¥ friction

T fin

g vapor phase
i inside

liguid

L
LH liquid header

m momentum

o) outside

jo) particle

r radiator panel
t tube

VH vapor header

1 base surface 1
2 base surface 2
Superscripts:

(') between boiler and turbine

> (when applied to g or Q)
(") Tbetween turbine and radiator

(*) static conditions at tube inlet

APPROACH

The primary objective of the computer programs described herein is to
afford a means of designing a direct-condensing radiator that would serve as a
heat-rejecting device for a Rankine cycle power-generating system of a pre-
scribed power level. Both programs were geared to design radiators that not
only matched a prescribed power level but that also gave the designer the
capability to set the pressure drops within the radiator. One of the programs
provides a radiator design that is near minimum weight for the heat-rejection
and pressure-drop specifications. The other has the flexibility of providing
for specific area or dimensional requirements.



To make such an objective achievable in a computer program of practical
and manageable size, some restrictions had to be placed on the range or gen-
erality of the parameters defining the radiator. For example, radiator tem-
peratures are limited to those for which the equivalent sink temperature effect
on the ?eat radiated can be neglected (generally greater than 1000° F,
ref. 14).

Some selection was made as to the physical arrangement of the radiator.
In this analysis it was assumed that the radiator was made up of a series of
fluid-carrying tubes connected by central fins in a flat plane radiating from
both sides, as shown in figure 1. The tubes consisted of a liner, which was
to be relatively impervious to the corrosive working fluid, and an armor sleeve
to protect the liner from the hypervelocity meteoroids encountered in space.

The tubes were fed from a parabolically shaped vapor header designed for
constant fluid velocity. A parabolically shaped header provides a weight sav-
ing of approximately one-third over a constant diameter header, if the maximum
diameters of the two headers are equal. Constant flow velocity in the header
tends to make the pressure loss, due to turning the flow from the header into
the tube, uniform for all tubes. The header consisted of a liner and a pro-
tective armor of the same thickness and material as that used on the tubes.
The condensed vapor was collected in a liquid header. The liquid header was
constant in diameter and consisted of an internal liner and the same armor
covering that was used on the tubes and the vapor header.

The compuber programs were written so that the tubes and headers could be
arranged in any one of the three configurations shown in figure 2. These ar-
rangements are designated as one-, two-, and four~panel configurations.

To make a study of the factors that affect the design and performance of
a direct-condensing radiator, a rather complete analysis was made. This anal-
ysis included calculations for the basic power cycle as well as the thermal
and fluid mechanics processes going on in the radiator. These processes in-
cluded the temperature drop in the tube wall, the radiation from the tubes,
fins, and headers to space and to each other, and the pressure and temperature
changes in the fluid due to friction, change in momentum, amd changes in flow
direction. The amalgamation of these analyses ultimately resulted in a pair
of computer programs that produced a radistor design meeting a prescribed
heat-rejection rate and vapor-flow rate with assigned internal pressure losses.

In the first of these, the Parametric Program, the fin geometry could be
independently chosen by specifying the ratio of fin half-length to tube out-
side radius L/Ry, the tube inside diameter D;, and the conductance param-
eter N.. In the second, or Minimum Weight Program, the fin conductance
parameter was fixed at a single value for which the fin weight was very near
a minimum for a given heat-rejection rate from the Lin (ref. 12).

For both of these analyses the power cycle was selected, together with
the panel-header configuration (see fig. 2), the inside diameter of the tubes,
and the pressure drops. With these data as inputs, the computer programs
proceeded to generate a complete radiator design.




The various facets of the radiator design analysis were grouped con-
veniently into several computer subroutines. The MAIN subroutine takes the
properties of the working fluid, the component efficiencies, and the electric
power output requirement and computes the cycle fluid flow rate, the radiator
heat-rejection rate, and the quality of the working fluid at the turbine ex-
haust. The MAIN subroutine also reads the inputs and writes the outputs for
the entire program. Inputs, other than those required by the cycle, include
the physical and thermal properties of the materials used in the radiator and
the pressure losses. Outputs include a complete description of the geometry
of the radiator, its weight and area, and the specific heat rejection, in Btu
per pound, for the fin and tube panel alone as well as for the entire radiator.

After the MAIN subroutine has performed the cycle calculations, the sub-
routine GUIDE assigns a first approximate value to the heat-rejection rate for
the vapor header and to the vapor velocity at the tube inlet. The approximate
heat-rejection rate for the header permits an estimate of the heat-rejection
rate for the finned-tube panel. The approximation of the tube inlet velocity
determines the number of tubes required.

The subroutine SUBW then determines the finned-tube geometry, including
tube armor thickness, fin width and thickness, and an approximation to the
overall tube length required. The armor surface temperature at the tube inlet
is also determined. The determination of the fin geometry is different for the
Parametric and Minimum Weight Programs, and the subroutine SUBW constitutes the
chief difference in the two programs.

The pressure drop in the radiator tubes is next obtained by subroutine
SUBK that uses the initial approximations for velocity and number of tubes.
SUBK also determines the actual tube length required for condensing and sub-
cooling the vapor. The length of the vapor header can be determined from the
number of tubes and the finned-tube geometry. The diameter is determined from
the selected vapor header pressure drop by subroutine SUBH.

Subroutine GUIDE now makes two calculations. First, it determines
whether the pressure drop in the tubes is less than or greater than the
assigned value. GUIDE then makes an appropriate correction on the inlet wveloc-
ity to the tubes. GUIDE also computes a new heat-rejection rate for the vapor
header based on the previously calculated length and diameter. With the new
values of heat-rejection rate and tube inlet velocity, GUIDE calls on SUBW and
SUBK to recalculate the finned-tube geometry and the tube pressure drop. This
iterative process is continued until the pressure drop matches the assigned
value. SUBH then computes the radiator weights, planform area, and aspect
ratio, as well as several ratios among the heat-rejection rates and the com-
ponent and total radiator weights.

BASIC INPUTS AND OUTPULS

The MATN subroutine has three functions: (1) to read the input data
required for all programed calculations, (2) to write the output tape, and
(3) to execute the thermodynamic cycle computations. The inputs are summarized
subsequently, while the details of the cycle calculations will be given in the
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section that follows. For convenience, the inputs required by both programs
can be divided into five categories: thermodynamic cycle, working fluid prop-
erties, panel configuration, gpace environment, and materials. The elements
of these categories will be briefly described, and the corresponding detailed
developments will be given in later sections.

Thermodynamic Cycle Inputs

Eight inputs are required for the cycle calculations. ©Station locations
in the cycle can be identified in the schematic diagram of the cycle (fig. 3)

and the temperature-entropy diagram (fig. 4). Inputs include the turbine
inlet, or peak cycle temperature, T;; radiator temperature, Tz = To; the amount

of subcooling between states 3 and 4, ATlge; the required useful electrical
power output, Pe; the turbine and generator efficiencies, ny and Mg, Trespec-

tively; the fraction of the generator output available as useful power out-
put Kp; and the heat lost by radiation upstream of the turbine, from the

turbine casing, and by conduction away from the turbine, q'.

Working Fluid Properties

The properties of the working fluid are required in both the cycle cal-
culations and the pressure drop calculations. The enthalpy and entropy of the
saturated vapor and liquid for four liquid metals, obtained from reference 15,
were expressed as polynomial functions of temperature. The specific relations
used are given in appendix A.

Other properties derived from reference 16 that must be entered as inputs
are: the viscosity of the liquid and vapor, the specific heat of both phases,
the liquid density, the vapor pressure corresponding to the radiator inlet tem-
perature, and an equivalent gas constant that satisfies the relation R = P/p T
for the vapor over the temperature range encountered in the radiator. Use g
of the equivalent gas constant permits expressing vapor density differentials
in terms of pressure and temperature differentials in the tube pressure drop
calculations.

The vapor pressure for potassium originally obtained from reference 16
was compared with that given in reference 17. The two pressures differed by
no more than 5 percent over the temperature range from 1400° to 2000° R. The
equilibrium specific heats for potassium vapor varied as much as 37 percent
between the two references over this same temperature range. No comparison
between the frozen specific heats, used in the computation of the two-phase
pressure drop, was possible; however, inaccuracies in the specific heat of the
vapor are expected to have negligible effects on the computed results because
of the narrow temperature range encountered in the radiator.

Panel Configuration

The radiastor programs are capable of determining performance, weight, and

10



area for three different panel arrangements of tubes and headers, as illus-
trated in figure 2. Simultaneous results for four different tube 1nside diam-
eters can be obtained in one program execution. The tube inside diameters are
determined by the following expression

Di=5l+nADl

in which Dj and AD; are program inputs and n <takes on the values from

0 to 3. For the Parametric Program, two geometric parameters that describe the
fins must be included in the inputs. These are the conductance parameter Ng
and the ratio of fin half-length to tube outside radius L/Re.

In both programs the pressure change in the tubes and in the vapor header
can be selected. The pressure loss due to turning and accelerating the flow
between the vapor header and the tubes is expressed as a multiple of the dy-
namic head in the tubes by the factor Kg. The liner thickness in the vapor
header (SC)VH and the maximum velocity in the liquid header must also be sup-

plied as inputs to the programs.

Meteoroid Protection

Many of the factors that determine the armor thickness required to pro-
tect the radiator from meteoroid penetration have to be furnished. . Based on
the method of reference 18, these include: meteoroid population parameters o

and B, density of the meteoroid Pp, average meteoroid velocity Vb, spalling
factor a, occlusion factor F, number of penetrations permitted N, probabil-

ity of N penetrations P(N), and mission time +.

Material Properties

The material properties of the tubes and fins affect the resistance of
the armor to meteoroid penetration and heat transfer. Material density is also
required to determine the radiator weight. Material properties that must be
supplied are: thermal conductivity of the fin and tube kr and ki, densities
of fin, tube, and liner pg, py, and p,, respectively, and modulus of elas-
tieity of the tube armor BEy.

Outputs

In the course of the computations, a great many results are computed and
transferred to the output tape. Those that appear on the output format will
be indicated as they are derived in the analysis. A computer output sheet,
showing both inputs and outputs, is included in appendix B. FORTRAN statements
for both computer programs are included in appendix E.

11



CYCLE ANALYSIS

To design a direct-condensing radiator, certain parameters must be known.
These include mass-flow rate, heat-rejection rate, radiator temperature, and
vapor inlet quality. While it would be possible to develop a radiator design
program in which the foregoing parameters were required program inputs, a dif-
ferent procedure was adopted for the programs discussed in this report. Be-
cause these direct-condensing radiators were considered a part of a Rankine
power generating system for use in space, an analysis of the Rankine system
was included in the computer programs, and appropriate results from this anal-
ysis were used for the radiator design calculations. Defining parameters for
the power cycle thus become the input variables for the computer programs.

The basic power generating system analyzed is shown in figure 3. It con-
sists of a boiler to vaporize the working fluid, a turbine to drive the genera-
tor, a radiator to reject the waste heat, a subcooler that is part of the radi-
ator and that lowers the liquid temperature below the saturation temperature,
and a pump to circulate the condensed working fluid. The heat source for the
boiler need not be specified, but could be a nuclear reactor or a solar ab-
sorber, for example. In addition to the heat radiated by the radiator includ-
ing the subcooler (qVH from the vapor header and ¢, from the finned-tube
panel), two other heat losses have been included in the analysis. The first
g' 1is the sum of the heat radiated from the boller by the piping between the
boiler and the turbine and from the turbine casing, and the heat conducted away
by the supports and turbine bearings. The second g¢" is the heat radiated
between the turbine exhaust and the radiator. Cooling of components such as
the generator and electronic equipment is assumed To be accomplished by a sec-
ondary coolant circuit and radiator and thus is not included herein.

In the Rankine cycle (see fig. 4) the fluid leaves the subcooler portion
of the radiator at state 4, and is pumped into the boiler (state 5) where heat
is added to the liquid at constant pressure until sabturation temperature is
reached (state 6). Further addition of heat vaporizes the liquid completely
(state 1). In this cycle analysis, operation with superheat was not consid-
ered. The saturated vapor passes from state 1 through the turbine with a loss
in temperature, a decrease in quality, and an increase in entropy to state 2.
Heat is extracted from the working fluid at constant temperature to state 3,
where all the fluid has condensed. Further extraction of heat in the subcooler
reduces the temperature of the liquid to state 4.

Pressure changes other than those in the turbine and the pump have been
neglected. Those pressure changes in the radiator have little effect on the
thermodynamics of the cycle but are important in the radiator design. Accord-
ingly, that part of the analysis which is devoted to pressure drops in the
headers and tubes of the radiator will be detailed in the two sections HEADER
DESIGN and RADIATOR TUBE PRESSURE DROP AND LENGTH.

In the derivation of the cycle quantities that follows, it should be noted
that two heat flow rates are used: +the total heat flow rate, designated by Q
and expressed in Btu per hour, and the specific heat flow rate g, that is, the
heat flow rate divided by the mass flow rate expressed in Btu per pound. The
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two are related by Q = 3600 ﬁq.

Flow Rate

The heat input to the cycle Qi is equal to the total amount of heat
added to the working fluid. Most of the heat is supplied by the boiler Q,

but some comes from the pump in the amount of 3600 ﬁqp. Thus Qin =
Qp + 3600 qu. The heat input can also be described as the heat required to

raise the temperature of the subcooled working fluid to saturation and to
vaporize it completely. From figure 4 it can be seen that, in terms of
enthalpy and entropy,

qin = (HS - H4:) + (H6 - HS) + Tl(sl - S6)
and
Qip = 3600 W[(H5 - H,) + (Hg - Hg) + T;(Sy - Sg)] (2)

The work output, expressed in heat units, is given by

Q 541 Pe Q Q (3)
f =T g -
ou ngK 1 S

where Qg, the heat rejected from the entire system, is given by
Qg = 3600 W(g' + q" + ayg + 4.) (4)
The heat that must be extracted from one pound of turbine exhaust is given
by Tg(Sg - 83) + Hz - Hyg. This heat is dissipated by radiation from the

piping between the turbine and the radiator, the vapor header, and the radi-
ator panel and can be expressed as

11
q + q.VH + q.r
Equating these two heat quantities

and substituting equation (5) into equation (4) give the system heat-rejection
rate:

Qg = 3600 W[a' + T3(Sy - Sz) + Hz - Hy| (6)

Then, combining equations (2), (3), and (6) yields the following equation
for weight flow:

13



. 0.948 P_ -
- e : . 7
K [(Bg - Bs) + Tq(81 - 8g) - at - Tx(S, - 85)

The weight flow equation can be further simplified by introducing the turbine
efficiency Ny and the concept of the ideal work for the cycle W. Tdeal
work can be written as

W= (Hg - Hz) + T9(87 - Sg) - Tx(Spr - Sz) - q* - q" (8)

The turbine efficiency is expressed as cycle work output divided by ideal work
output, so from equations (2), (3), and (6)

qout = H6 - H5 + Tl(Sl - S6) - q! - TS(SZ - 83) (9)
and
g W - Tz(Sp- Spr) + q"
nt——-q"%l = = (10)

If equations (8) and (10) are inserted in equation (7), the result is a useful
equation for determining the weight flow in terms of the system parameters.
Thus,

0.948 Pg

— (11)
Kpngngh

W=

where W 1is defined by equation (8)

Thus far, three quantities appearing on the computer printout sheet
(appendix B) have been computed. These are Q;, = QIN from equation (2),

W = WBAR from equation (8), and W = WDOT from equation (11). Equation (8)
requires only cycle temperatures, thermodynamic properties of the working
fluid, and a heat loss, all of which are computer program inputs. With the
use of the results of equation (8), the cycle flow rate W is computed from
equation (11), since the parameters Pe K@, Ng> and 7y are all inputs.

Quality at Turbine Exhaust

The vapor quality at the turbine exhaust QUALZ can be calculated from
figure 4:

So - 83 (So - 8o1) + (851 - Sz)

= (12)
SZ“ - 83 Szn - SB

QUALZ =
The entropy difference SZ‘ - S3 is known from the thermodynamic properties of
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the working fluid, since Spt = 57, and Sp - Spr  can be calculated from
equation (10). The denominator Son - B8z 1is also a function of the thermo-
dynamic properties. Thus, QUALZ2 can be obtained from inputs and equations (10)

and (12).
Heat-Rejection Rates

The heat-rejection rate from the system can be computed by combining
several relations already developed. Thus, from equation (2)

Qg = Qin - Qout
and from the general relation between Q and g
s = 3600 W(az,, = dgy)

Inclusion of equations (10) and (11) yields

3414 P _ 3414 P_ {as
Qg = ———= (a4, - Wny) = = ( == - ) (13)
W
KpngngW Bollg g

The heat-rejection rate for the radiator is made up of heat rejection from the
panel and from the vapor header:

Qr + QVH = Qrej = Q‘S - Q' - Q." (14:)
The division of heat rejection between the panel and the vapor header will be

discussed in a later section. TIn these computer programs Q" was considered
to be zero.

Thermal and Cycle Efficiencies

The thermal efficiency is computed as

W
therm = (15)
in
and the cycle efficiency as
Me = Mltherm (16)

These two efficlencies TNipopm and Ne appear in the output sheet as ETHERM
and ETAC, respectively. The temperature ratio across the turbine appears in
the output as T2/T1.

15



FIN AND TUBE GEOMETRY

In order to determine the cross-sectional geometry of a radiator finned-
tube panel, it is necessary to develop equations that describe the panel con-
figuration in terms of the heat-rejection requirements, the tube armor re-
quirements as specified by meteoroid protection considerations, and the mag-
nitude of the vapor header heat rejection. Program inputs required for this
phase of the radiator design consist of: +the conductance parameter N. and
the ratio IL/Ry (for the determination of the overall blackbody effectiveness),
tube inside diameter, tube inside wall temperature, finned-tube and vapor-
header heat-rejection requirements, and meteoroid protection criteria and
property inputs.

The reguired outputs consist of: the overall blackbedy effectiveness,
tube wall temperature, tube wall thickness, and fraction of the total radiator
heat rejected by the fins and tubes.

Assumptions

The central-finned-tube-radiator configuration considered for the analysis
is composed of an inner liner tube, meteoroid protection sleeve, and a rectan-
gular fin as shown in figure 5. The Thermal analysis of this geometry con-
siders the general case of a rectangular fin of length L and thickness t
attached to a tube whose temperature Ty 1is constant over the outer surface.
Energy input to the fin is comprised of heat conduction along the fin from the
fin and tube interface and incident radiation from the two tube surfaces.
Radiant emission is from both surfaces of the fin to the surrounding environ-

ment.

The specific assumptions used in the development of the fin heat-transfer
relations for both the Minimum Weight Program and the Parametric Program are

(1) The radiator surfaces act as gray bodies with incident and emitted
radiation governed by Lambert!s cosine law.

(2) The space sink temperature is assumed to be zero (see appendix C).
(3) One-dimensional radial heat transfer is assumed through the tube wall.
(4) Steady-state one-dimensional heat flow in the fin is assumed.

(5) Material properties are constant and evaluated at the fin base tem-
perature.

(6) The development of the fin and tube angle factors is based on an in-
finite length finned tube.

(7) Fin thickness is neglected in the formulation of the angle factors
and the tube and fin surface area (ref. 19).

(8) The vapor header emits energy from its full outer surface.
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Parametric Program

) The Parametric Program analysis treats an approximation to the general
heat-transfer case for gray-body emission with mutual irradiation between fin
and tube. The exact gray-body analysis, formulated in reference 7, has been
shown to be extremely complicated. Reference 7 also presents a simplified
approach that assumes all the surfaces act as blackbody radiators and absorb-
ers. This last analysis has been used for the investigation reported herein
with the effect of surface emissivity less than unity superimposed on the
blackbody solution. The emissivity was handled in an approximate manner that
took into account the cavity effect introduced by the tubes and central fin.
The cavity analysis is given in appendix D.

Radiating effectiveness. - The heat-rejection rate from the fin per unit
axial length is egual to the heat-conduction rate into the base of the fin
given by Fourier's heat-conduction equation:

— ar
ar = -2kt 35 o (17)

If X = x/L and 6 = T/To, equation (17) may be rewritten in terms of a non-
dimensional temperature gradient at the fin base:

_ -4LoTE .
% = TN, %0 (18)

where No is defined as the ratio of the radiating potential to conducting
potential of the fin and is given as

20TSL8

N, = ——
¢ kt
and

. ae
0 = L
X=0

dX |yo

The nondimensional temperature gradient at X = 0 can be solved from the fol-
lowing equation that describes an energy balance on a differential element of
the fin (ref. 7):

‘-jé% = N, E4 - (FX_l + FX_2>:| (19)

The angle factors Fy_ 7 and Fx.> 1in equation (19) describe the fraction
of energy that leaves a differential element of area Z dx on the fin and is
intercepted by the tubes. The angle Tactors may be evaluated from expressions
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that are the result of a relation which applies to finned tubes of infinite
length (ref. 20, eg. (31-58)). This assumption is justified by noting that
the finned-tube length Z is generally considerably greater than the fin
length L (Z/L > 10). These relations, obtalned from reference 7, are

Ve o) - ()

R
2L +Xx
L

and

W) ()

Ro
'IT+2-X

NS

Fx.o =

Equation (19) can then be solved for fixed values of L/Ro and Ng
to yield © as a_ function of X and the value of the slope of 6 against X
at the fin base 6y_g. The slope of the temperature profile can then be used
in equation (18) to determine the fin heat rejection.

The blackbody heat-rejection rate from the tube per unit length at a con-
stant outer surface temperature is given by

s f e ]
q, = 40R,T5 |1 +-§g / (2 - 6%)(Fg.1 + Fg_p)dx (20)

where 6 as a function of X is obtained from the solution of equation (19).

The preceding heat-rejection rates for fins and tubes can be expressed as
fractions of the heat rate radiated from a blackbody flat plate with infinite
thermal conductivity and width equal to 2(L + Ro). This reference heat rejec-
tion is given as
L

4
= 40ROTO<% +<§;) (21)

i deal

The fin radiating effectiveness 1s then defined as

x s (22)

T] =
£ L\
4 'JRO (l + —R—o) TO

where af is obtained from equation (18). The blackbody tube effectiveness
is defined as
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Ay

4030(% + %%)1@

1 (23)

O,

where at is obtained from equation (20). Thus, the overall blackbody heat-
rejection rate per unit length of fin and tube can be written as

q4, =7 +3qp= 40R0(% +-§i)'fﬁ(n€ + M) (24)
o)
and the overall blackbody fin and tube effectiveness is then

q
* T *
N, ==—""=1 +7p (25)
%3 deal .

The overall blackbody effectiveness n*, which is obtained from equa~
tion (25), is a function of the inputs N and L/R,. Illustrative variations
of n? are shown plotted against the ratio IL/R, for several values of the

conductance parameter Ne in figure 6.

The approximation to the actual heat radiated aact for a gray surface
with € < 1 and to the overall gray-body effectiveness Nact is accomplished

by using the concept of an apparent emissivity for the finned-tube cavity in
the relations as follows:

-~ - = * — x
Qget = € %r and Mact = €M (26)

where €, as developed in appendix D, is shown plotted against the ratio L/Ro
for several values of surface hemispherical emigsivity € din figure 7.

Tube wall temperature drop. - The previous relations were all based on the
outer tube wall temperature To. This value is dependent on the fluid tem-
perature in the tube and on the temperature drop across the tube wall. This
temperature drop is dependent on the tube wall thickness, which, in turn, is
dependent on the radlator vulnerable area. For purposes of relating the fluid
and outer wall temperatures, a simplified approach for determining the tube
length and vulnerable area is used that assumes the inside tube wall tempera-
ture along the entire tube length is equal to the static temperature of the
fluid T* evaluated at inlet conditions. This assumption also is used in
determining the increased tube length required for subcooling. The exact
length of the radiator and subcooler tube portions is determined by the pres-
sure drop analysis considered in the section RADIATOR TUBE PRESSURE DROP AND
LENGTH.

The relation between the inside and outside tube temperatures is based on
a one-dimensional heat balance that assumes heat is rejected from the tube out-
side surface by radiation only. This equation obtained from reference 21,
(p. 82) is given as
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_ +kT-—*=O 27
2 © D; + 28, ) (To ) (27)

oe(D; + 28, + 28,) o 1n (Di + 28, + 20,
This equation assumes a uniform temperature on the inside tube wall and no tem-
perature drop across the tube liner. The temperature T* is determined from
the following expression, similar to equation (70):

2
_ 1 Kgup
™ = TZGL "3 T (28)

where T, 1s the radiator inlet fluid stagnation temperature in °R and uy is
the tube inlet vapor velocity. The radiator tube liner thickness 8. required
in equation (27) was made a function of the inside tube diameter given by the
arbitrary schedule &, = 0.04 Dj.

Armor thickness. - The tube armor thickness &, used in equation (27) is
determined by using the meteoroid protection criteria given in reference 18,
which is based on a comprehensive and definitive appraisal of the data and
theories available concerning the meteoroid penetration phenomenon. According
to reference 18, the resultant equation for the armor thickness 8, is given

by

. Zfa<pp oz 45)1/2<E> 2/3(6. 747><1o'5>1/5( chyT >l/56< 1 )l/sﬁ (29)

a Oq c Py -1n P(O) B+ 1
where
F 1.0

a 1.75

o 0. 44 gm/cc
Vp, 98,400 ft/sec
o 0.53x10710 gB/(sq £t)(day)
B 1.34
The total exposed area to be protected A, is assumed to be the outer

surface of the tubes and vapor header. The liquid header contribution is
assumed to be negligible since its surface area is small compared with that

of the vapor header. Thus
Ay = Ay + Ayg (30)

The radiator tube vulnerable area A; is taken as the entire circumferential
surface area of the tube and is given by the expression
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Ay = wDONZ (31)
where the approximate total tube length NZ 1is defined by the expression

_ Qp

NZ = 7 T\ %
O

(32)

The heat rejected by the tubes and fins Qp can be relateq to the frac-
tion of the total radiator heat rejected by the vapor header XVH according to

H
Qp = Qrej(l = XVH) (33)
Cowbining equations (31) to (33) then yields

— TV
ZOTO(l + Ro>nact

Accordingly, the outside area of the vapor header can be written in terms of
its heat rejection rate as

Ay = (34:)

Qe 50w
AVH - L& Vi (35)

FVHO'€T42:

where Fyp 1s the geometric angle factor from the vapor header to space. A
value of Fyg = 0.85 has been used in these programs. For simplicity, equa-
tion (35) assumes that the header surface emits at the same temperature as the
vapor header inlet stagnation temperature. The small error involved in the
header surface temperature will have a negligible effect on the radiator panel
performance since the heat rejected from the header is only of the order of

5 percent of the total radiator heat rejection. Inserting equations (34) and
(35) into equation (30) yields

1 1

+ (36)
4 L * 4T'
ZTO(l l §;)nact TZ vu®

Tt is implied in equations (30) to (36) that the tubes and vapor header should
be treated as an entity with regard to meteoroid protection. Therefore, the
tubes and the vapor header are given the same protection (armor thickness).

Equations (29) and (36) are part of a set of equations that yields the

wall thickness of the radiator tubes. Solution of these equations requires
inputs of I/Rg, Ne, n* . from equation (26), total radiator heat rejection
ac
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from the cycle analy81s, and the fractlon of the total heat rejected by the
vapor header XVH The value XVH is obtained from equations that determine

the amount of heat rejected by the vapor header and are given in a later
section of this report. The results consist of the armor thickness Bgs vul-
nerable area Ay, and the tube outside temperature T,.

Minimum Weight Program

Since the previous procedure generally requires a large number of calcula-
tions to determine a minimum weight radiator or a radiator of specific geometry
(through the variation of Ne and L/Ro , 8 less exact analysis is developed
that can be used for preliminary design purposes or for a parametric study of
variables other than finned-tube geometry. This procedure produces a single
radiator design that is approximately a minimum weight radiator configuration.
The analysis cannot be used if a specific radiator area requirement or specific
fin and tube dimensions are dictated by vehicle-radiator integration or con-
struction.

The design of a radiator tube panel having a minimum weight per unit heat
rejection follows the procedure given in reference 12. This method formulates
the general expression for the total fin and tube heat rejection per unit
weight, takes its first derivative with respect to fin length I and fin
thickness +, sets the derivatives equal to zero, and combines the two expres-
sions. The resultant equation describes the relation between the slope of the
fin temperature profile at the fin base and the value of €N, +that will yield
a minimum weight finned-tube radiator. Using these results along with the
equation obtained from differentiating the equation for finned tube heat re-
jection per unit weight with respect to fin half length L and setting it
equal to zero yields a cubic equation that provides the fin half-length for
maximum Qr/Wf for a given tube size and material. This equation is given as

80p0eTy . 3mpg0eF To(Dy + 25, + 28g) .
— 1%+ e L
Mg
- €N [P (Ds + Bo) + pyrda(Dy + 25, + 85)] =0 (37)

In addition to the overall assumptions previously mentioned, it is further
assumed for equation (37) that

(1) The flat plate fin efficiency 1 is a constant (0.55) approximating
conditions for a minimum weight fin. This fixed value is given by the expres-
sion T7p = -é/ng where the value of €N, for maximum Q,./W, equals O.90.
The value of 6 is obtained from the solution of equation (19).

(2) The tube surface effect on the fin Fr is assumed constant at a value
of 0.85 and independent of emissivity, N,, or the L/Ro ratio (ref. 7).

(3) The radiator tube radiant interchange factor Fy 1s also assumed con-
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?tant at a value of 0.85 and is not affected by emissivity, Nn, or L/RO
ref. 7).

(4) The emissivity € is an arbitrary value and not affected by the
finned-tube-cavity effect.

Once the fin length has been determined from equation (57), the remaining
dimension that describes the fin geometry, its thickness, can be calculated
from the relation

3+ 2
20€T
4 = 29¢Tol” (38)
k(eN,)

This approach optimizes only the fin and tube and does not take into
account the vapor and liquid header that could have an influence on the opti-
mum value of €N, and the resultant finned-tube configuration. Equation (37)
is based on the outside tube temperature and does not involve the inside tube
temperature nor the resultant AT across the wall. Equation (27) is used to
obtaln this temperature drop in the same manner that was employed in the
Parametric Program analysis.

The tube armor thickness 5 is again obtained from equation (29), which
requires inputs of meteoroid flux and density constants along with a descrip-
tion of the vulnerable area of the tubes and vapor header Ay,. To obtaln the
expression for vulnerable area appropriate to the Minimum Weight Program, it is
necessary to rewrite the heat-rejection equations for the tube and the fin by
using the approximations and parameters of this program:

U

Il

7F Do€ 0TENZ, (39)
and
Qr = 41 F LeoToNg (40)
Sl o
while the total heat rejected by the panel is given by
Qp = Q + Qp (41)
Combining equations (39) to (41) yields
Qp = 7D NZ (echiFt + 41;Fp ﬂ—I];; eoTﬁ) (42)
or

(43)

7D
RDONZ = Ag = ———— oS
e0Tq(nDFy + 4anfL)

T
Introducing ZXgr = Qr/Qrej gives
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1
JtDox;berej

Ay = —— - (44)
eoT (aD Fy + 4npFeL)
The heat radiated by the vapor header is given by
Qug = €oAyrTAFyy (45)
or
Q
i (46)

Ay = ———
VH
€OTE

Adding equations (44) and (46) and expressing Dy in terms of inside diameter
and liner and armor thickness gives the vulnerable area:

1
w(D; + 25. + 25 . Q
A, =L (Dy + ¢ + a0 Xpelrey L (47)
€o (D; + 28 25, )Fs + anF.L|T* FyuT
Dy + 20, + c0g)iy et el Lo 2

Equations (37), (38), and (47) require inputs of tube inside diameter,
liner thickness, the fraction of the total heat rejected by the vapor header,
the cycle requirements, and the values of the previously mentioned constants.
The simultaneous solution of equations (27), (29), (37), (38), and (47) yields
values of the parameters 8y, t, L, Tp, and Ay.

HEADER DESIGN

After the fins have been designed by either of the two procedures just
discussed, the computer program proceeds with the header design. The program
was made sufficiently flexible and inclusive so as to be able to generate
header designs for each of the configurations illustrated in figure 2. For
all configurations, the vapor header is made up of one (in the case of the two-
panel configuration) or two (in the case of the one- or four-panel configura-
tions) symmetrical sections generated by a rotated parabola given by the equa-
tion

yz = 4bx (48)

where the constant b describes the distance from the vertex of the parabols
to its focal point as shown in figure 8. The parabolic shape results from the
provision that the vapor velocity be constant throughout the vapor header
length. The condensing tubes, in all configurations, are distributed evenly
along the vapor header and end in liquid headers of constant diameter.
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Header Surface Area

Vapor header. - The vapor header design was started by applying the gen-
eral formula for the area of a paraboloid of revolution for the parabola
described by equation (48). This expression (ref. 22, p. 148) is given in
terms of the geometry of figure 8 as

s = ‘2‘% be +12)3/2 _ b5] (49)

where the factor x describes the running coordinate along the length of the
paraboloid. Expanding equation (49) and neglecting terms that involve b2  and
b give the surface area of the paraboloid:

§-8 wx(xb) (50)

w

Bquation (50), which is for a single paraboloid, can be rewritten in terms
of the nomenclature of the configuration shown in figure 8. When D = Dy,

m-Y
¥ =
2
and
DZ
b_.

The resultant equation, which is a general expression for the entire surface
area for a single or multipanel vapor header, can be given as

Ay = 2 ¥Dyy (51)

The factors my, my, and mz are essential constants that describe the effect

of the variation in the number of panels on the vapor header configuration.
The factors m take on the following values for one-, two-, and four-panel
configurations as shown in figure 2:

Panels | 1 2 4
ml 1 2 1
m, 1(1/2]1/2
me |11 |1/2

The quantity Y in equation (51) is defined as the physical length of the
vapor header for each panel configuration and is given by the expression
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1
Y = 2m2N(L +35 Dy + B, + aa) (52)

The number of radiator tubes N in the previous equation is determined
by using the following equation, which is an initial approximation based on
flow continuity at the tube inlet:

N = 4W(QUAL¥) (53)

2
Ogio™D1

where the tube inlet vapor velocity wup 1s a variable that is iterated upon in
the program. Even though the vapor gquality in the header will be decreased
along the header length due to the condensation and would vary at each indi-
vidual radiator tube inlet, it 1s assumed for simplicity in this analysis that
all the tubes will be at a constant inlet quality. The expression that relates
the header inlet quality (QUAL2) and the inlet quality to the radiator tubes

(QUAL*) is

Syg
QUAL* = QUALZ - —— (54)
Equation (54) depends on the heat rejected by the vapor header and can be ob-
tained from the expression

3600 Wayy = €0TSAyrFyy (55)

In terms of the maximum header diameter and physical length of the vapor header
from equations (51) and (55), the vapor header heat rejection is given as

T4=YDV'H
2
dyy = 0.00058 eo = Fyh (56)

The maximum diameter of the vapor header Dyy mentioned in the previous set of
equations will be obtained from the vapor header pressure drop analysis in the

next section.

Liquid header. - Inasmuch as the liquid header is generally qguite small
compared with the vapor header, the liquid header is assumed to have a consbant
diameter that is determined by applying the continuity equation at the header
exit:

. \1/2

Dry = <Eﬂ) (57)

PrVrH

The maximum fluid velocity at the header exit Vyp 1s assumed for calculation

purposes to be 4 feet per second to minimize the pressure drop. The surface
area of the liquid header is not included since its heat rejection to space is
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generally insignificant compared with that of the vapor header and finned-tube
panel.

Vapor Header Pressure Drop

The pressure drop in the vapor header is obtained by integrating the
basic Fanning equation

2
2f
_“1PgUyy :

oD (58)

aP =

where D is the local header diameter at any point (fig. 8) and the friction
factor is calculated for simplicity by assuming one-phase turbulent flow. The
relation for the friction factor is

0.046
P=""53
(RGD)
where Rep 1is the local Reynolds number at any point on the header length and
P EHHHD
given as ReD =&Y Furthermore the vapor header diameter at any posi-

tion x can be obtained from equation (48) by using the definition of b and
letting y = D/2. This relation is

D = Dva(%f%)l/z (59)

m

The basic Fanning pressure drop equation can now be expressed as

2
- 9.092 pguVH
T 0.2 - [2x\0.6
( Re) &Dyy (m—l—Y*\)

where Re 1is the Reynolds number based on the maximum vapor header diameter
and the vapor density Pg is assumed constant and evaluated as a function

of the turbine outlet temperature T, and pressure Pp. Equation (60) can

then be integrated between the limits x =0 and x = miY/Z to yield the
pressure drop that is then compared to the header inlet pressure Ps:

(A_P) _ 000357 pgugyim ¥
P2 VH PB(RG)O' ZDVH

dP = ax (60)

(61)

Equation (61l) can be rewritten and solved for the maximum diameter of the vapor
header:
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= (62)

()
VH

The maximum vapor header diameter can be determined for a given value of
'AP/PZ by the simultaneous solution of equation (62) and the following rela-
tion, which is based on flow continuity at the header inlet,

g 2w(quaz2 )\ /2
T\

Equation (63) can also be used to solve for the inlet velocity of the vapor
header once the maximum header diameter is determined.

(63)

Liquid Header Pressure Drop

The liquid header was assumed to be of constant diameter throughout its
length. The equation for the pressure drop is obtained by applying Fanningts
equation (58) along with the previous definition of friction factor over the

increment of length dx:

2
-0.092 oV
dP = L dx (64)

g(ReX)O‘zDLH

where the velocity of the liquid varies along the length of the header and is
given at any point as

4wm5x

P (65)
Py 7Dy ¥,y

V =

Substitution of equation (65) into (64) along with the Reynolds number re-
written in terms of the total weight flow and maximum liquid velocity at the

header exit yields

_ (2v )2 1.8
L w (66)

dP = -
350 . .
DLH(le)l S(ZRGL)O z

Equation (66) can be integrated over the limits from x =0 to x = le/Z to
obtain

2
| 0.00051 e Vigm ¥
APH = + (Fo,)0-2 (67)
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where AP 1is the pressure drop in the liquid header and Rey, is the
Reynolds number corresponding to the maximum liquid velocity Vypy.

RADIATOR TUBE PRESSURE DROP AND LENGTH

The temperature-entropy diagram for the power-generation cycle has been
redrawn in figure 9 to include the pressure losses in the radiator. Partial
condensation of the working fluid in the vapor header results in an entropy
decrease between states 2 and 0. PFor simplicity, it is assumed that this
condensation occurs at constant temperature. A drop in temperature occurs
between the state points O and * due to the turning pressure loss between
the header and the tube and to the increased fluid velocity in the tube. This
pressure drop is assumed to occur at constant entropy. The wet vapor con-
denses completely between states * and L, with a decrease in temperature
corresponding to the static pressure drop in the tube. State L represents
the vapor-liquid interface in the tube. The liquid, still in the tube, 1s
subcooled from I +to 4!, where the temperature difference between I, and 4°
is equal to the temperature difference between 3 and 4, which is assumed in
the cycle calculations for subcooling (fig. 4).

In this section of the analysis, computation will be made of the required
number and length of tubes commensurate with the assigned pressure drop in the
tubes.

Header to Tube Turning ILoss

The saturation temperature of the vapor at the condensing tube entrance
T™* was computed from the difference between the stagnation pressure in the
vapor header and the static pressure in the tube entrance. The stagnation
pressure in the vapor header was considered constant for all the tubes, and the
aforementioned pressure difference was assumed to come from turning the flow
from the vapor header into the tubes and an increase in flow velocity in the
tubes. References 23 and 24 were used to obtain the relation between this
pressure difference and the velocities in the vapor header and tubes. Fig-
ure 10 shows a plot of the ratio of the pressure difference (header stagnation
minus tube static) to the dynamic head at the tube inlet Ky against the ratio
of the velocity at the tube inlet to the header velocity uO/uVH' Data are
shown for all alrflow, a 0.86 quality air-water mixture, both with entrance
radii of 0.1 inch; and three curves for all-water flow with entrance radii of
0.0625, 0.125, and 0.375 inch. It is seen from the curves for water that in-
creasing the entrance radius decreases the value of Ky. The trend exhibited

for water flow is assumed to hold for air or the 0.86 quality air-water mix-
ture.

The difference between the stagnation pressure in the header and the
static pressure in the tube entrance can be cobtained from the relation

2
20 (68)
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in which the density p_, used in the expression for dynamic head in the tube
has been computed for simplicity from the stagnation pressure and temperature
in the header and the equivalent gas constant previously defined. The differ-
ence between the stagnation temperature in the header and the saturation tem-
perature in the tube inlet can then be calculated from Clapeyron's relation,
which holds for a vapor near saturation. The relation states that for a small
change in T

AT
AP = ‘Thpg"ﬁ:_ (69)

if the specific volume of the liquid is small compared with that of the wvapor.
Combining equations (68) and (69) yields the expression
1 2
E) KgugTo

AT:TO_T*='_J—]_:1§— (70)

Since the heat transferred across the condensate film on the tube inner
wall is proportional to the product of the condensing heat-transfer coefficient
and the difference between saturation temperature and the tube inside wall tem-
perature, the inside wall temperature will be nearly equal to the saturation
temperature T¥ for the radiators considered herein, provided the condensing
heat-transfer coefficient is high, for example, of the order of 10,000 Btu per
hour per square foot per OF. In these calculations, for simplicity, the tube
inside wall temperature was taken equal to T* as obtained from equation (70).

Initially, an estimate for wug i1s supplied by the program. After the
pressure drop in the tubes is obtained, a new value of uy 1is computed to
cause the calculated pressure drop to approach its assigned value. This iter-~
ative procedure is controlled by the subroutine GUIDE.

Tube Pressure Drop and Condensation Length

The length of the radiator tube required for condensation and the pressure
drop across it are determined simultaneously by developing an incremental pres-
sure drop over g small increment of tube length, and then performing a step-
by-step numerical integration over the entire length of the tube. An energy
balance for a small length of tube in which a two-phase fluid is flowing can
be written by equating the heat released by the condensation of a small amount
of vapor h dwy, to the sum of the heat energy radiated, the energy involved
in the change of sensible heat, and the energy required to change the kinetic
energy of the fluid. Consider a section of the finned tube illustrated in
figure 11 with the mass flows, enthalpies, and velocities as indicated at
either end of the section. The quantity q represents the heat radiated per
unit length of finned tube. The energy balance for the element dx is

v, + vghy + Eéﬁ (vaz.nguz) ='q ax + (wy, + dwy,) hL+(cp)L déﬂ +(vg + dwg) h, +(cp)g d%ﬂ

1 o 1
* 52T (w, + dwp )(VE + 2V dV + 4V dV) + FaT (wg + avg)(u? + 2u du + du du) (7J~)
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vhere hy, and hg are the enthalpies of the liquid and vapor, respectively.

If the second-order differentials are eliminated
q dax + E?KCP)L + wg(cpéJdT - (hg - hy) aw,

(VZ - u2) VwL av + uwg du
ey G, 7 =0 (72)

Since the heat of condensation h = hg - by,

—_ us - y2 | V dVl | u dul
= LSl Yy av + W 73
h dwg q dx o dwr, + (cP)L dT + v, *+ (cp) aT 7 Vs (73)

Because q = KeGnDiTé/SESOO , the energy equation (73) can be written as

KeonD; T4 vV av
hodw = — 170 g+ 4 [c dT + ———|w
L 3600 (ep)y, Jg 'L

2 2
u® - Vv u du
- <_2gT>dWL + Ecp)g darT + 2 :]wg (74)

By the Clausius-Clapeyron equation

_.m
aT = o, ap (75)

the energy balance can be transformed into

- .4 2 _y2 wiV dv + (w - wg)u du
-KeonD;Tp dx _ o dvg, - u v dwp, +
3600 aJg Jg
T 4P
+ ECP)LWL + (cp)g(w - W) Tho, (76)

If the velocity differentials and the pressure differential can be eliminated,
the result will give a relation between the length differential and the forma-
tion of the condensate.

From the continuity equations for the liquid and the vapor, with the
assumption that the densities are constant within the incremental tube length,
the. differential velocities are :

1
dw- ar
o _ LTk (77)

v W T RL
and
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4
dw dR
du g
Te=o- o (78)
g g

vwhere Ri and Ré are the fraction of the tube flow area A occupied by the
liguid and the vapor, respectively. But

1 1 4 1
B, + Rg =1 dRp, + dRg = 0
(79)
v, + Vg =W dwy, + dwg = dw =0
so that equation (78) can be rewritten in terms of tThe liquid parameters
y a
du 9B, &L (80)

The differential area fractions can be eliminated by recourse to the cor-
relati?n of Lockhart and Martinelli (ref. 25). The reference shows that
Rﬁ = BL(X), where the correlating parameter in the turbulent-turbulent regime

is given by

e 18y 02
X = (—2-) =8 <—“ (81)

The turbulent-turbulent regime was assumed for this analysis when it was dis-

covered that, for radiator designs near minimum weight, both the vapor and the
liquid velocities were high enough throughout most of the tube length to make

this the predominant regime.

If it is assumed that the principal variation in X2 is due to a change
in wp, the differential of X2 is given by

0.8 0.2
*C(w - + W P
2X dX = 1.8( ) ( VL) L <’p§><ui> dw, (82)
W o= W, (w _ WL)E I, g
and
ax 0.9 wX
dwy, = VW, (83)
Then
4
t dRﬂ ax Cﬂﬁ> wX
d'RL = 'd—x' 'a;[l- d.WL = 0.9 'a‘-? WgWL d (84:)

The functional relation between Rﬁ and X, shown in figure 1 of reference 25,
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was stored in the computer by representing log Rﬁ as a polynomial function

of log X. The derivative dRﬁ/dX was computed numerically from this repre-
sentation.

Equations (77) and (80) now become

dw dRf, x
av L kij
v _ 2 (1 -0.9 - — (85)
v T v ( deng>

and
4

=-dw dR:
au 7L 1-0.9——%41 (86)
u Vg d Ry VL

These expressions for the velocity differentials can be substituted into
the energy equation (74) to give

2
KeonD; To V2 dw, aR, x )\ % 9 dBf, X w
h dwy = —— ax + ——— (L - 0.9 = =¢ el CRIUL R vy

o (u? - v3) dwy, + ECP)LWL + (cp)gwg] EJTT(;:— (87)

which involves dP, dx, and dVL only. The pressure differential can be
broken down into a friction and momentum component

dP = dPp + dB, (88)

The friction pressure loss per unit length was computed from the Lockhart-

Martinelli correlation {ref. 25)
_d_P> - @2(d_l’) (89)
&), - &),

where @ = ®(X) and (dP/d_x)g is the friction pressure drop if the vapor flowed

alone in the tube and is given as 5

upe
apP g
ar)y - _zr 90)
(dX)g & gD (

where U = 4wg/ﬂD§pg, and fg = O.O4:6/(Regp)o'2 for turbulent flow. Also

4w
=& 91
Regp ENT (91)

and
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O 092 IJ. 1.8
(ﬁ) = -0 —5 & (Regp) (92)
ax /g gD; P,

The differential change in pressure caused by a momentum change in the
two-phase flow can be expressed as

- = L 12 12
dB, ey d(Pp AR VS + PgARgU ) (93)

By using the expressions previously derived for the derivatives and assuming
the densities to be constant in the interval dx,

2nt H 2 t
-ap,  PLV7Rp o . B 0.9 wx Pgu“Rg o _ 9BL 0.9 wx (00)
w2 L . R (=N - - 20 MR
dWL g, ax Wg3£ EVg ax WLRg
and.
aB, ap
m ——
aP = T vy, + (dx>r dx (95)

When the pressure differential is eliminated, the final form of the energy
equation is

2 dR\ 2 dR} ap
n Y2 [ 09,X1 D)ol 0o xw I _Ecp) w, + (ep) g “m
Jg RL wg Jg Rg Wy, ax Jhp dWL

2 - 2 KGGJTD T T dpP
PRS- ZJgV dwy, = {—70—0—0 + ECP)LWL + (cp)gw‘%zl _Jhpg (&)F}dx (96)

This equation is used in the following manner to find the length of the tube
required for condensation Le. The equation is solved for dx and numerically
integrated until the vapor mass flow wg 1s reduced to zero. The integrated
value of x obtained when we = O 1s then denoted as Le. In the process of
numerically integrating equation (96), the pressure drop equation (eq. (95)) is
also integrated to give the total change in pressure over the condensing tube
length.

To start the numerical integration of equations (95) and (96), it is
necessary to have the initial values of all quantities involved corresponding
to conditions at the tube inlet where x = 0. The mass flow per tube is con-
stant for the entire tube length and can be obtained from

=
|
=i

where
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AW QUAL*

N = ” >

(97)

In the foregoing equation W was calculated from equation (7), QUAL* was cal-
culated from equation (54), and D; is part of the input data. The initial
vapor density at the tube inlet is given by

X
x _ PT
Py = oo (98)

and the vapor velocity at the tube inlet is assigned by the subroutine GUIDE
as described in the APPROACH section of this report. Initial values for some
of the variables then are obtained as follows:

Wy = W QUAL¥ and W, = W - Vg (99)

Initial values of X can be calculated from equation (81) after which the
curve fi1t, built into the program, can determine the corresponding value of
Ri. Equation (79) is used to obtain Ré. The initial value of the liquid
velocity is given by

4
Vo = ———E%—g— (100)
*Pr R DY

Subcooler Length

In addition to the tube length ILe required to condense the fluid, the
tube must have additional length sufficient to subcool the liquid to a pre-
determined value. The heat-transfer equations for the subcooler are

d
~KeonD; T = hge(Ty - Tp)aD; = 3600(cp) w 7%% (101)

The differential of the first two equalities in equation (101) yields

4KeoTs
aTy, = (1 + ——)aTo (102)
h
sc
Substituting equation (102) into equation (101) gives

3600(c..) W 4Ke 0T

Cdx = — L <1 + % )am, (103)
KeonD; TS hge

If the temperature difference between the outside tube wall and the liquid is
assumed negligible, then equation (103) can be integrated to give the sub-
cooler length in terms of the temperatures at either end of the subcooler:
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1200(ep). w 1 11 1k, T
Dsc = KnD; {[('Ii: - arg)® ) ELg] e Thge ~T4_‘} wos

Because of the high heat-transfer coefficient of a liquid metal hge, the
second term in equation (104) is small compared with the first and was
neglected in this analysis. The programed form of the equation for subcooler
length is

_ 300( cp)LGDi

1 1

Lge = [ - _} (105)
Keo 3 3
(T, - ATge) T

where G = w/A = 4w/nD§.

The total radiator tube length Z was the combined length of the con-
densing portion and the subcooler portion, that is

Z = Ly + Lge (106)

RADIATOR WEIGHT AND GEOMETRY
With the calculation of the output parameters from the cycle, finned-tube
geometry, header, and pressure drop sections, the radiator weight and planform
area can be determined for both the Parsmetric and Minimum Weight Programs.

The weights of the various radiator components are given by the following ex-
pressions:

Vapor header weight:

Wy = % ﬁ{EDVH + (SVH);'EI + (%);l I
+ [ovm + 2o, + 0 |[¥ + 2oy, + ag]aapt} (107)

Liquid header weight:

2
W = L Y{QLZLH + pC(BLH)CEDLH + (SLH);I + ptaaEJLH +8g * Z(SLH);} (108)

mo

The fin and tube panel weight can be calculated by using the expression

Bp3
4p0R3T 5
f~o7o (L
W, = NZ —a (R_o) t [ 08Dy +8c) + P (D + 26, + aa)]} (109)

The total radiator weight is then obtained by summing the results of the indi-
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vidual contributions as
W=WVH+WLH+WI‘ (110)

The various inputs required to obtain solutions for the previous equa-
tions describing radiator weight are obtained by using the results of the
optimization program plus input values of tube inside diameter and material
properties.

The total heat rejected by the radiator, which is an output of the cycle
program, is divided by the total radiator weight obtained from equation (110)
to form the heat rejected per unit weight Qrej/w' For the Parametric Program
the maximum heat rejected per unit weight is a function of the ratio L/Ro and
conductance parameter N.. A typical plot of Qrej/w is shown for a specific

example in figure 12.

In addition to radiator panel weight, it is also of considerable interest
to obtain the required planform area of the radiator panel. Radiator planform
area, AP is given by the expression

Ap = 2NZ(R; + B¢ + 3y) (1 + %) (111)
Thus, planform area will vary directly with the total tube length NZ and will
also be a function of the ratio L/Ro. Results for planform area Ap are ob-
tained by using inputs of tube inside radius and the ratio L/Ro along with
values of N, Z, and 8y obtained from the simultaneous solution of the equa-
tions describing heat transfer, meteoroid protection, and pressure drop.

Additional factors that describe the radiator geometry, which can be
obtained by using the results of the optimization programs, are the panel
aspect ratio (panel width divided by the individual tube length) W'/Z, fin
thickness +, and fin length L.

APPLICATTON TO OTHER FINNED-TUBE CONFIGURATTONS

The Parametric Program can be used to analyze finned-tube configurations
other than the central finned tube by making appropriate changes in the SUBW
subroutine. For each configuration a unique heat-transfer analysis with its
attendant view factors and overall efficiency is required. A change in finned-
tube configuration may also entail a change in the computation of the tube
vulnerable area. The weight computations are also unique for each configura-
tion.

Several finned-tube configurations have been analyzed in reference 13.
These include, in addition to the central finned tube, the open sandwich fin
tube (with and without fillet), and the closed sandwich fin tube with variable,
side wall thickness. Formulas for view factors, overall efficiency, vulner-
able area, and panel weight for each of the aforementioned configurations are
given in reference 13.
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RESULTS

Calculations that use the resultant equations developed in the analysis
Tor the Parametric Program and the Minimum Weight Program require inputs such
as tube inside diameter, radiator temperature, power level, cycle conditions,
material considerations, meteoroid protection criteria, and tube and header
pressure drop to specify a system completely. For this reason, weight opti-
mizations and area determinations can only be made for specific cases. To show
sample results and compare the two programs on a basis of heat rejection per
unit weight and radiator geometry, a single power level and cycle were chosen.
The power level was kept at 1 megawatt with potassium chosen as the cycle
fluid. A maximum cycle temperature of 2460° R and a radiator temperature of
1700° R were used. It was also specified that the radiator tubes would sub-
cool the condensate 100°. Additional cycle requirements such as turbine and
generator efficiencies were set at 0.75 and 0.90, respectively, with 10 percent
of the generator output required for accessories and controls. The emissivity
of the coating on the fins, tubes, and headers was taken to be 0.90, and the
space effective sink temperature was assumed to be 0° R. The tubes and headers
were arranged in the four-panel configuration shown in figure 2.

Materials specified for the radiator include tube liners made of columbium
alloy and tube armor and fins made of beryllium. Radiator tube inside diam-
eters from O0.375 to 1.125 inches were used in the calculations with tube pres-
sure drop ratio AP/P* set at 5 percent. The vapor header pressure drop ratio
was set at 2 percent with the turning loss coefficient Kg equal to 1.15. The
liguid header was designed with a maximum exit velocity of 4 feet per second.

Meteoroid protection thickness calculations assumed a survival proba-
bility of 0.995 with a 500-day mission time and an occlusion factor of unity.
The meteoroid density and population parameters used were those given in the
analysis section.

Using the prescribed inputs alone with the programed equations of the two
programs enabled calculations and comparisons to be made of the results.

Parametric Program

Results that show the variation in heat rejection rate per unit weight as
a function of the ratio IL/Ry for several values of conductance parameter Ne
are plotted in figure 12 for the 1l-inch inside tube diameter. Xach con-
stant N, curve is seen to peak at a specific value of the ratio L/Ry. The
locus of the maximums of figure 12 is plotted in figure 13, together with the
corresponding values for the other three diameters. In general, the family of
maximum Qrej/w can be represented by the envelope curve around the individual
curves in figure 12, or by a single curve through the maximum of each con-
stant Ne curve. For this particular analysis, the latter curve was chosen
because there was less uncertainty in the selection of the individual maximums
than in the determination of the tangents for the envelope curve.

It is seen from figure 13 that the maximum Qrej/w occurs at an N, in
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the range from 0.5 to 1.0 depending on the choice of tube inside diameter. At
a tube inside diameter of 0.625, which ylelds minimum weight, the optimum con-
ductance parameter N, obtained is approximately 0.65. The corresponding value
of the ratio L/Ro obtained for a maximum Qrej/w of 3090 Btu per hour per
pound was 2.00 for the 0.625-inch tube inside diameter. It can be seen from
figure 13, however, that N. can vary from 0.5 to 1.5 and produce only 3 per-
cent variation in the specific-heat-rejection rate.

For high power level systems that result in large radiators, the welght of
the vapor and liquid headers can be a significant portion of the total radiator
weight. Figure 14 shows sample results of the ratio of the vapor plus liquid
header weights to the overall radiator weight for the conditions of maximum
heat rejection per unit weight. At maximum Qrej/W’ which occurs approximately
at a tube inside diameter of 0.625 inch and a conductance parameter of 0.65, the
combined header weights accounted for approximately 23 percent of the total
radiator weight.

The radiator planform area plotted in figure 15 against the ratio L/Ro
for various values of Ne and inside tube diameter is obtained for the peak
condition of Qrej/w shown in figure 13. The total variation of planform area
with tube inside diameter for a specific value of the ratio L/Ro is less than
4 percent.

An additional factor of interest with respect to the geometry of the radi-
ator is the panel aspect ratio, which is defined as the ratio of panel
width W! +to tube length Z. Figure 16 is a plot of aspect ratio W’/Z
against the ratio L/Ro for the four tube diameters investigated. This set
of curves is for a four-panel radiator chosen for the analysis. The aspect
ratic of a panel increases if one or all of the following variables change:
(1) the ratio I/Ry increases, (2) the conductance parameter N increases,
or (3) the inside tube diameter decreases. The aspect ratio for minimum

weight was about 2.40.

Total fin thickness plotted in figure 17 against the ratio L/RO for
peak Qrej/w decreases with decreasing tube diameter or increasing Ne. For
the tube inside diameters chosen, the values of fin thickness obtained are all
of reasonable fabricational magnitude. The fin thickness obtained for minimum
weight conditions is 0.103 inch.

Comparison of Parametric and Minimum Weight Programs

It has already been stated that the conductance parameter N. Zfor the
‘maximum specific-heat-rejection rate Qre‘/w in the Parametric Program is
about 0.65. This value although less than that used in the Minimum Weight
Program (1.0) has a minor effect on the optimum values of weight and geometry
obtained for the central finned~tube radiator. Comparisons of the values of
two parameters L/Ro and D; yielding maximum Qrej/w for the two programs
are shown plotted in figures 18 and 19. In figure 18 the specific-heat-
rejection rate in Btu per hour per pound 1s plotted against tube inside diam-
eter for both programs. The curve for the Parametric Program results in a
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value of Qrej/W essentially the same as that obtained for the Minimum Weight
Program at near optimum conditions. The curves for both programs reach a maxi
mum at an inside diameter of about 0.625 inch. :

In figure 19, the ratio L/R, for maximm Qpej/W is plotted against
tube inside diameter for the Parametric Program. Also shown is a curve based
on a constant value of N, = 1 for the Minimum Weight Program. A comparison
of the curves indicates that the ratio IL/Ro obtained from the Parametric
Program increases with increasing tube inside diameter, whereas the ratio L/Ro
decreases with increasing tube diameter for the Minimum Weight Program.

Comparison of the resultant radiator geometries also indicates good agree-
ment as shown by the planform area, panel aspect ratio, and fin thickness
curves presented in figures 20, 21, and 22, respectively. At small diameters
the discrepancy in planform area between the two programs increases somewhat
due, in part, to the simplifying assumptions required in the Minimum Weight
Program, such as constant €N and constant values of fin and tube thermal
effectiveness. The panel aspect ratio for the four-panel radiator used in
this analysis showed practically no difference between the two programs, as
indicated in figure 21. The comparison of the fin thickness obtained for the
two programs shown in figure 22 indicates an increasing fin thickness with
increasing tube inside diameter for both programs. Curves are given for fin
thickness at maximum Qrej/W for the Parametric Program and at Ne = 1 for
the Minimum Weight Program. Smaller values of + obtained from the Minimum
Weight Program are approximately 12 percent less than those obtained by using
the Parametric Program.

Comparison of the results of the Parametric and Minimum Weight Programs
Justifies the use of the Minimum Weight Program for general radiator weight
optimization studies because of its relative speed, simplicity, and accuracy,
providing it is not necessary to specify the ratio L/Ro. The Parametric
Program is most useful in designing radiators that must satisfy configuration
limitations and radistor-vehicle integration requirements. Since the Para-
metric Program requires a variation in Ne and L/Ro to obtain the
peak Qrej/WJ and the computer running time for a single choice of Ne and
L/Ro is approximately that for a complete optimum desigh by the Minimum Weight
Program, the total running time of the Parametric Program will far exceed that

of the Minimum Weight Program.

CONCLUDING REMARKS

The investigation reported herein has considered the design of direct con-
densing central finned-tube space radiators that meet minimum weight and
vehicle integration requirements. Two electronic digital computer programs
were developed, one of which is based on a fixed conductance parameter, and
the other on a variable conductance parameter and a variable fin-half-length
to tube-outside~radius ratio. It has been shown that, for the 1 megawatt,
high-temperature Rankine system chosen for the comparison, the two programs
agreed closely when compared on a weight and geometry basis. The calculated
results obtained substantiated the fact that the value of the product of the
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conductance parameter and the apparent emissivity for maximum heat rejection
Per unit weight, as determined by the Parametric Program, although different

from that used in the Minimum Weight Program resulted in radiator weights that

were essentially the same at conditions of maximum heat rejection per unit
weight. Radiator planform area and panel aspect ratio were also investigated
and showed very close agreement.

These conclusions Jjustify the use of the Minimum Weight Program for gen-
eral radiator optimization studies, since it is relatively fast, and the use
of the Parametric Program for the design of radiators that must satisfy con-
figuration limitations and radiator-vehicle integration requirements.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, June 30, 1864
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APPENDIX A

ANALYTTICAL RELATTONS FOR THERMODYNAMIC PROPERTIES OF WORKING FLUIDS

The enthalpy H and entropy S of the working fluilds on the vapor and
liquid portions of the vapor dome, required for the program cycle calculations,
were taken from reference 15. The values for potassium vapor agreed within
2 percent with the values given in reference 17 over a range of temperatures
between 1400° and 2000° R. Both liquid and vapor enthalpies and entropies
were expressed as polynomial functions of temperature for four different work-
ing fluids. The maximum error between the curve fits and the values of refer-
ence 15 was less than 0.2 percent for any temperature between 700° and 2700° R.
The polynomial representations are as follows:

Potassium:
Hy, = -10.916 + 0.22663 T - 3.1879xX107° T% 4+ 7.6005x10-9 T3

S, = 0.20136 + 5.8031X10"% T - 3.1184x10-7 T2 + 9.0984x10~1L1 73
- 1.0291x10-14 T

H, = 961.89 + 0.21716 T - 6.9939x10~° T2 - 1.1790x10~8 T3

S = 4.5497 - 7.1959x10-3 T + 6.6733x10~6 T2 - 3,2936x10-9 T3 + 8,2908x10~13 T4
- 8.3530x10-17 75

Sodium:
Hf, = -29.978 + 0.38999 T - 5.5568X1075 T2 + 1.1421x1078 T2

Sy, = 0.12431 + 1.2843x1073 T - 9.3433x10°7 T2 + 4.1314x10"10 13
- 9.6735x10-14 T¢ + 9.3008x10"18 TS

= 1863.5 + 0.73505 T - 5.,0819x10~% T2 + 1.5944x10~7 T3 - 1.6987x10~11 1%

Hy =

Sg = 8.9462 - 1.4218X1072 T + 1.2793X107° T2 - 6,1917x10~9 T3 + 1.5385x10-12 T4
- 1.5359x10-16 75

Rubidium:

HI, = 2.4884 + 0.0877 T

Sy, = 0.11715 + 3.0833x10"% T - 2.0709x10~7 T2 + 8.8713x10™ 1 73
- 2.0508x10"14 T4 + 1.9470x10718 T

Hg = 396.74 + 0.12658 T - 6.6081x107° T2 + 2.0043x1078 T3 - 2.0383x10"12 T4

= 1.9173 - 2.8787x10~3 T + 2.6242x10~6 T2 _ 1.2748x10~9 T3 + 3.1688x10~13 m¢
- 3.1607x10-17 T°

4z




Cesium:

Hy, = 1.4243 + 0.057200 T

-

Sy, = 0.085532 + 2.1038x10~4 T - 1.4709x10~7 T? + 6.5254x10"11 T3
1.5531x10-14 T4 + 1.5117x10-18 T°

241.30 + 8.9768X10~2 T - 5,3090X10~° T2 + 1.7747x10~8 T3 _ 2,0381x10-12 14

el
m®
It

= 1.1868 -~ 1.7305X10™2 T + 1.5653x10-6 T2 - 7.5471x10-10 13
+ 1.8648%x10-13 T4 . 1,8517x10~17 T°
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APPENDIX B

COMPUTER PRINTOUT SHEET

Printout sheets from the electronic digital computer are included as a
part of this appendix. The sheets are typical of a single run with the Mini-
mum Weight and Parametric Programs. They show both the inputs and outputs.

The first group of figures after the run title are the inputs for the
power cycle and the selected pressure drops. A brief explanation of these
inputs follows:

i turbine inlet temperature, °r

T2 radiator temperature, °R

DTSC amount that liquid is subcooled in radiator
ETAT turbine efficiency

ETAG generator efficiency

QP heat lost between boiler and turbine, Btu/lb

DP/PVH fractional pressure drop in vapor header

DP/P* fractional pressure drop in tubes

PE electrical power output available, kw

KP ratio between availsble electrical power output and generator output
VIH maximum velocity in liquid header, ft/sec

PANELS arrangement of tubes with respect to headers (fig. 2)

The second group of inputs are some of the parameters associated with the
meteoroid protection equation:

ATL,PHA number of particles with mass of 1 gram or greater hitting area of
1 square foot per day (ref. 18)

BETA negative of slope of cumulative frequency against minimum mass when
expressed on log-log plot

A LTL spalling factor
RHO P meteoroid density, g/cc

VBAR  average meteoroid velocity, ft/sec
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The following miscellaneous guaantities must also be supplied:

Ko vapor header to tube turning loss factor {see fig. 10)
FBAR occlusion factor
KF thermal conductivity of fin, Btu/(ft)(nhr)(°F)
KT thermal conductivity of armor, Btu/(ft)(hr)(°F)
RHOT density of armor, 1b/cu ft
RHOF density of fin, 1b/cu ft
RHOC density of liner, lb/cu £t
ET Young's modulus of armor material, 1b/sq ft
N number of N penetrations
P(W) probability of N penetrations
TAU mission time, days
-

DELCVH  thickness of liner in vapor header, £t

The last group of inputs is concerned with the properties of the working
fluid:

MU I,  viscosity of liquid phase, 1b/(ft)(sec)
MU G  viscosity of vapor phase, 1b/(ft)(sec)
RHOL,  liquid density, 1b/cu ft
P2 saturation pressure corresponding to radiator temperature, lb/sq 't
CP G specific heat of wvapor, Btu/(1b)(°F)
. - o
CP L specific heat of liquid, Btu/(1b)(°F)

The results of the power cycle calculations are independent of the tube
diameter. They appear as the first part of the output:

WBAR ideal cycle work output (eq. (8)), Btu/lb
QUALZ2 quality at turbine exhaust (eq. (12))
QIN heat supplied to cycle (eqa. (2)), Btu/hr

ETHERM  thermal efficiency (eq. (15))
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WDOT power cycle mass-flow rate (eq. (7)), 1b/sec
ETAC cycle efficiency (eq. (16))
T2/T1  +turbine temperature ratio
H heat of condensation Hp" - Hz, Btu/lb
RHOG vapor density, lb/cu &

Additional inputs for the Parametric Program are
FvH vapor header view factor to space
ST program convergence testing factor
BJBA4 number of tube diameters
FMES mesh size for solution of equation (19)
T3TL convergence testing factor for equation (19)
TABETA  overall efficiency table or equation (25) branch
FLR ratio of fin half-length to tube outer radius, L/R,
FNC conductance parameter, Ne

There follow four sets of data of four lines each. The corresponding
lines in each set of data are for radiators with tube inside diameters in
inches as indicated by the column DI IN. The fin half-length I IN. and thick-
ness T SML IN. are given in inches, as are the armor thickness DELTA IN. and
the liner thickness DELC IN. The radiation multiplier K is defined in the
section SYMBOIS. Other calculated results in the first set are:

TEMP O surface temperature at tube inlet, °R

RHOG* vapor density at tube inlet (eq. (98)), 1b/cu ft
N number of radiator tubes (eq. (53))

DVH maximum diameter of vapor header (eq. (63)), ft

The second set of outputs consists of:

DLH diameter of liquid header (eq. (57)), ft
WVH weight of vapor header (eq. (107)), 1b
WIH weight of liquid header (eq. (108)), 1b

WR/PE specific weight of radiator panel, 1b/kw
Y length of vapcr header (eq. (52)), ft

SDP/P*  fractional pressure drop in tubes
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DP/PLH

TLV
7/D

The
GEE

The
AP
AR
QR/WR
QR
QVH/QRET
APRIME
QUAL*
QVH SML
%
QREJ/W
The

fractional pressure drop in liquid header R
tube length required for condensing and subcooling (eq. (106)), ft
temperature of fluid at interface, ©OR
tube length to diameter ratio
third line of outputs is identified as:
tube mass flow rate (eq. (105)), 1b/(sq ft)(sec)
static pressure at tube inlet, lb/sq it
total flow area of tubes, sq ft
vapor velocity at tube inlet, ft/sec
liquid velocity at tube inlet, ft/sec
tube length required for subcooling liquid (eq. (105))
liquid velocity at interface, ft/sec
tube surface temperature at interface, °R
vapor velocity at vapor header inlet, ft/sec
total specific radiator weight, 1b/kw
last set of outputs includes the following:
planform area of panel (eq. (111)), sq ft
panel aspect ratio, W'/Z
panel specific-heat-rejection rate, Btu/(hr)(1b)
panel heat-rejection rate, Btu/hr
fraction of heat radiated by vapor header Xy
prime area required to reject panel heat load, Qr/ecT%
quality at tube inlet (eq. (54))
vapor header heat-rejection rate (eq. (56)), Btu/lb
static temperature at tube inlet, °R
specific-heat-rejection rate for entire radiator, Btu/(hr)(1b)

Parametric Program has two additional outputs:

WTR radiator panel weight, 1b
WIOT total radiator weight, 1b
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MINIMUM WEIGHT PROGRAM PRINTOUT

EFFECT OF POWER LEVEL, T2, and P(0),

T1
DP/PVH
PANELS

I nn

ALPHA

n

KH
RHOF
RHOC

nan

MU L
CP L

i

WBAR
ETAC

n

DI IN.
0.37500E~-00
0.62500E 00
0.87500E 00
0.11250E 01

DLH
0.10448E-00
0.10448E-00
0.10448E-00
0.10448E-00

GEE
0.16407E
0.12867E
0.11368E
0.10574E

02
02
02
02

AP
0.95494E
0.92867E
0.90700E
0.89315E

03
03
03
03

0.24600E 04
0.20000E-01
0.40000E 01

0.53000E-10

0.11500E 01
0.11500E 03
0.53000E 03

0.93100E-04
0.18420E-00

0.26725E 03
0.21136E-00

L IN.
0.18244E 01
0.19299E 01
0.20629E Ol
0.21927E 01

WVH
0.21602E 04
0.93449E 03
0.54122F 03
0.36033E 03

Px
0.59630E 03
0.68312E 03
0.71874E 03
0.73747E 03

AR
0.99725E 01
0.25727E OL
0.10605E 01
0.54500E 00

T2
PE
(DP/P4 )T

wuwu

BETA

[

FBAR =
ET =
DELCVH =

MU G =
R =

QUAL2 =
T2/T1 =

T SML IN.
0.78224E-01
0.92299E-01
0.10747E-00
0.12258E-00

WLH
0.66802E 03
0.33018E 03
0.20931E 03
0.14921E 03

FLOW A
0.35588E-00
0.45380E-~-00
0.51363E 00
0.55223E 00

QR/WR
0.4128%E 04
0.38385E 04
0.34033E 04
0.30293E 04

FOR POTASSIUM

0.17000E 04
0.10000E 04
0.50000E-01

0.13400E O1
0.10000E 01
0.39700E 10
1.00000E-02

0.59700E-05
0.37970E 02

0.83838E
0.69106E

ele}
00

X
0.680734E
0.40839E
0.32689E
0.28170E

Ql
01
0l
01

WR/PE
0.32568E
0.38388E
0.44522EF
0.50652E

01
01
01
0l

U(0)
0.12173E
0.93124E
0.81006E
0.74734E

04
03
03
03

QR
0.13447E
0.14735E
0.15152E
0.15344E

08
08
08
08

~ BERYLLIUM

DISC =
ETAG =

A LIL

i

RHOL

]

QIN =
H=

DELTA IN,
0.49593E-00
0.48821E-00
0.48769E-00
0.48890E-00

Y
0.97586E
0.48880E
0.31014E
0.22063E

02
o2
Q02
02

v(0)
0.14488E
0.10923E,
0.94603E
0.87027E

02
02
0l
0l

QVH/QREJ
0.14467E-00
0.62744E-01
0.36211E-01
0.23996E-01

0.10000E
0.90000E

03
00

0.17500E 01

0.51500E
0.

02

0.42570E 02

0.94835E
0.86730E

03
03

TEMP O
0.16185RE
0.16473E
0.16577E
0.16623E

04
04
04
04

(SDP/Px)T
0.49323E-01
0.49592E-C1
0.50410E-01
0.52525E-01

L3C
Q0.14775E-00
0.26805E-00
0.40464E-00
0.55549E 00

APRIME
0.10443E 04
0.11443E 04
0.11767E 04
0.11917E 04

ETAT
KP

/]

RHO P =

KT =
P(N) =

I

P2

ETHERM
RHOG

o

DELC IN.
0.17500E-01
0.25000E-01
0.35000E-01
0,45000E-01

DP/PLH
0.50284E-01
0.21992E-01
0.13273E-01
0.92232E-02

V(L)
0.38542E-00
0.30225E-00
0.26705E-00
0.24838E-00

QUAL«x
0.71363E
0.78425E
0.80715E
0.81769E

00
00
00
00

0.75000E 00
0.90000E 00

0.44000E-00

0.51500E 02
0.99500E 00

0.85120E 03

0.28181E-00
0.13187E-01

RHOG»
0.96157E-02
0.10832E-01
0.11331E-01
0.11594E-01

Z
0.48928E 01
0.94995E 01
0.14623E 02
0.20241E 02

TOLV
0.16110E 04
0.16396E 04
0.16498E 04
0.16546E 04

QVH'SML
0..10820E 03
0.46927E 02
0.27082E 02
0.17947E 02

VLH

VBAR =

RHOT =
TAU =

CP

G

I

WDOT =

N
0.46400E
0.21300E
0.12300E
0.80000E

TLV
0.16257E
0.16531E
0.16625E
0.16668E

UVH
0.22861E
0.30493E
0.36857E
0.42476E

T
0.186332E
0.16609E
0.16705E
0.16753E

03
03
03
[oF=

04
04
04
04

0.
0.40000E 01

0.98400E 05

0.11500E 03
0.50000E 03

0.12680E-00
0.58330E 01

DVH
0.10168E 01
0.88036E 00
0.80076E 00
0.74592E 00

Z/D
0.15657E 03
0.18239E 03
0.20054E 03
0.21590E 03

W/PE
0.60850E 01
0.51035E 01
0.52027E 01
0.55748E 01

QREJ/W
0.25836E 04
0.30806E 04
0.30218E 04
0.28201E 04
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FLR = 0.20000E 01

DI IN.
0.37500E-00
0.50000E-00
0.62500E 00
0.75000E 00

DLH
0.10448E-00
0.10448E-00
0.10448E-00
0.10448E~00

GEE
0.15165E 02
0.13258E 02
0.12181E 02
0.11465E 02

AP
0.88558E 03
0.89422E 03
0.89814E 03
0.89916E 03

WIR
0.33878E
0.36527E
0.39528E
0.42483E

04
04
04
04

POTASSIUM - BERYLLIUM
T1 = 0.24600E 04
DP/PVH = 0,20000E-01
PANELS = 0.40000E Ol
ALPHA = 0.53000E-10
K H = 0.11500E 01
RHOF = 0.11500E 03
RHOC = 0.53000E 03
MU L = 0.93100E-04
CP L = 0.18420E-00
WBAR = 0.26725E 03
ETAC = 0.21136E-00
TABETA = 0.10000E-01
TST1 = 1.00000E-04

FNC

L IN.
0.14286E
0.15431E
0.16700E
0.17999E

01
01
01
01

WVH
0.19773E
0.12676E
0.89934E
0.68144E

04
04
03
03

p*
0.63956E
0.68072E
0.70370E
0.71887E

03
03
03
03

AR
0.90742E
0.43408E
0.24561E
0.15514E

0l
01
01
o1

WTOT
0.59930E
0.53509E
0.51745E
0.51850E

04
04
04
04

PE

PARAMETRIC PROGRAM PRINTOUT

= 1000

T2
PE
(Dp/P#)T

BETA

FBAR
ET
DELCVH

MU G
R

QUAL2
T2/T1

FVH

= 0.100D0E 0

T SML IN.
0.49183E-01
0.58805E-01
0.69767E-01
0.81721E-01

WLH
0.82783E 03
0.43062E 03
0.32237E 03
0.25525E 03

FLOW A
0.38503E-00
0.44042E-00
0.47937E-00
0.50928E 00

QR/WR
0.40347E 04
0.39420E 04
0.37395E 04
0.35329E 04

nnu

monn 1]

wn

1

0.17000E 04
0.10000E 04
0.50000E-01

0.13400E 01
0.10000E 01
0.39700E 10
1.00000E-02

0.59700E-05
0.37970E 02

00
00

0.83838E
0.69106E

0.85000E 00

K
0.54025E
0.43787E
0.37892E
0.34034E

01
01
01

WR/PE
0.33878E
0.36527E
0.39528E
0.42483E

01
01

01

U(0)
0.10768E
0.94026E
0.86184E
0.80862E

QR
0.13669E
0.14399E
0.14782E
0.15009E

04
03
03
03

08
08
08
08

Drsc
ETAG

A LIL

RHOL
QIN

TST

DELTA IN.
0.50929E 00
0.50155E 00
0.49748E-00
0.49497E-00

Y
0.89643E
0.62303E
0.46968E
0.37349E

v(0)
0.13087E
0.11254E
0.10223E
0.95430E

QVH/QREJ
0.13057E-00
0.84121E-01
0.59790E-01
0,45329E-01

02
02
02
02

02
02
02
01

non ] n ]

0.10000E 03
0.90000E 00

0.17500E 01

0.51500E 02

0.42570E 02

0.94835E 03
0.86730E 03

0.50000E-03

TEMP O
0.16321E 04
0.18454E 04
0.16525E 04
0.16571E 04

(SDP/P*)T

0.49582E-01
0.49100E-~01
0.49368E-01
0.48615E-01

LSC
0.14802E-00
0.20648E-00
0.26966E-00
0.33569E-00

APRIME
0.10615E 04
0.11182E 04
0.11480E 04
0.11656E 04

ETAT =
KP =

RHO P =

KT
P(N)

1]

P2

ETHERM =
RHOG =

BJBA4 =
TABETA =

DELC IN.
0.17500E-01
0.20000E-01
0.25000E-01
0.30000E-01

DP/PLH
0.43078E-01
0.28115E-01
0.20508E-01
0.15951E-01

V(L)
0.35624E-00
0.31144E-00
0.28613E-00
0.26933E-00

QUAL#*
0.72578E 00
0.76584E 00
0.78682E 00
0,79929E 00

0.75000E 00
0.90000E 00

0.44000E-00

0.51500E 02
0.99500E 00

0.85120E 03

0.28181E-00
0.13187E-01

0.40000E 01
0.10000E 01

RHOG *
0,10222E-01
0.10798E-01
0.11120E-01
0.11333E-01

Z
0,49395E 01
0.71765E 01
0.95613E 01
0.12037E 02

TOLV
0.16244E 04
0.16378E 04
0.16448E 04
0.16494E 04

QVH' SML
0.97652E 02
0.62915E 02
0.44718E 02
0.33902E 02

&
&

nn

RHOT =
TAU =

cp

G

WDOT =

N
0.50200E
0.32300E
0.22500E
0.16600E

TLV
0.16401E
0.16525E
0.16587E
0.16628E

UVH
0.23684E
0.27561E
0,31004E
0.34110E

T *
0.16478E
0.16602E
0.16666E
0.16706E

03
03
03
03

04
04
04
04

03
03
03
03

04
04
04
04

0.
0.40000E 01

= 0.98400E 05

0.11500E 03
0.50000E 03

0.12680E-00
0.58390E 01

0.10000E 03

DvH
0.99893E 00
0.92601E 00
0.87308E 00
0.83237E 00

Z/D
0.15806E 03
0.17224E 03
0.18358E 03
0.19260E 03

W/PE
0,59930E
0.53509E
0.51745E
0.51850E

QREJ/W
0.26233E
0.29381E
0.30383E
0.30321E

04
04
04
04



APPENDIX C

EFFECT OF SPACE SINK TEMPERATURE ON RADIATOR PERFORMANCE

To simplify the development of both the Parametric and the Minimum Weight
Programs, it was assumed that the effect of the equivalent space sink tempera-
ture on the heat-rejection characteristics of a space radiator can be ne-
glected. In some cases, however, radiator design temperatures may be suf-
ficiently low so that the effects of the environment sink temperature may be
of some consequence. It is of interest therefore to appreciate how sink tem-
perature might affect the results of the basic programs. Environment sink
temperature will influence the radiator design by (1) affecting the value of
eNe for maximum Qrej/w, (2) changing the magnitude of the finned-tube
effectiveness n?, and (3) reducing the net heat radiated and thereby increas-
ing the required area and weight for a given heat-rejection load.

The inclusion of a sink temperature Tg 1into the development of the equa-
tion that describes the value of €N, that corresponds to minimum finned-
tube weight in the Minimum Weight Program indicates that the value of €N, for
ninimum weight decreases as the value of the sink temperature ratio 6g = Ts/To
is increased. Figure 23 shows the calculated variation of €N, with sink tem-
perature ratio. A sink temperature ratio of 0.5 results in a reduction in the
minimum weight value €N, from 0.90 to C.84. Figure 13 indicates, however,
that the conductance parameter can readily be varied over a range from 1.5 to
0.5 with little effect on the value of Qrej/w; Thusg, the variation in elNg
due to sink temperature would have little overall effect on the radiator
weight.

The finned-tube thermal effectiveness, which can be expressed as & func-
tion of space sink temperature, is determined in a manner similar to the devel-
opment of equation (25) and is given as

1 .

6
4 L X=0
L-65+y / <2 - 0% - eg)(FX_l + Fy.p)dX - T

L0
e - (1 +-§J—O)(1 - eé) o

where 6y_g 1s also a function of 60y and obtained from the solution of the
differential equation describing the fin temperature profile:

2
a%e _ y, E‘L - 0% - (1 - ei“) (FX_l + FX__)] (c2)

axe

The results of calculations of equation (Cl) shown in figure 24 indicate
that only a small reduction in Tinned-tube thermal effectiveness occurs with
increasing sink temperature ratio. Tor a sample case of Ne = 1 and
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L/Ro = 10, chosen because of the sensitivity to changes in 04, there is a re-
duction in effectiveness of less than 2 percent when the space sink temperature
ratio 65 1is increased from O to O.6.

The effect of space sink temperature on the radiator planform area is
given by the following expression:

]
_ es%sr
= T
20TE(1 ~ 0F) et

Ap (c3)

It is seen that an increase in the sink temperabure ratio will increase*the
planform area of the radiator by noting that the factor 1 - 9% and Mget

both get smaller as the space sink temperature ratio increases. For the sample

case when 64 = 0.5, Np = 1, and L/Ry = 10, the required planform area will
increase 9 percent over the area determined at 6g = O.

For high-power-level generation systems, the effect of sink temperature
is expected to be negligible, since high power levels will require high radi-
ating temperatures to minimize radiastor size and weight. For a l-megawatt
system radiating at 1700° R and a space sink temperature of 520° R, 8 will be
about 0.3. This ratio would have less than a l-percent effect on finned-tube
thermal effectiveness and radiator planform area and weight.
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APPENDIX D

APPARENT EMISSIVITY OF AN ISOTHERMAL CENTRAL: FINNED-TUBE CAVITY

The development of the equations describing the finned-tube thermal ef-
fectiveness given in the analysis section were based on the assumption that
both the fin and the tube surfaces acted as blackbodies to incident and emitted
radiation. This assumption was used to limit the number of independent vari-
ables and allow a simplified solution of the differential equation describing
the fin temperature profile.

For proper treatment of the effect of surface emissivity less than unity
on the thermal effectiveness of a finned-tube radiator, a complete analysis
employing the net radistion method (ref. 7) involving absorptivity and re-
flectivity would be required. This would prove to be a difficult and lengthy
calculation to cover the range of parameters of interest. In many instances
the results of the blackbody analysis are simply multiplied by the surface
hemispherical emissivity, which results in a pessimistic determination of the
fTinned~tube heat rejection. To provide for the inclusion of the effect of real
surfaces with emisgssivities < 1.0 in a simplified although approximate manner,
the concept of the apparent emissivity of an isothermal cavity formed by the
fin and tube was used. This procedure introduces an apparent emissivity for
the configuration, which does not exceed the value that would be obtained by
using the exact formulation of the problem.

The analysis required to specify this apparent emissivity makes use of the
enclosure theory and the net radiation method. Additional assumptions required

for the analysis are

(1) The directional distribution of the energy reflected will be governed
by Lambert®s diffuse energy concept, which states that the reflected energy
density is uniform in all directions.

(2) All emitted energy from a surface is also diffusely distributed over
all angular directions.

(3) A1l surfaces act as gray-body emitters, that is, radiate with a
spectral emissivity independent of wavelengths.

(4) The fin is assumed isothermal and at the same temperature as the
tubes.

The fin and tube geometry used in the analysis is given by the accompany-
ing sketech. The surface a is an imaginary surface that will have the same
temperature as surfaces 1, 2, and 3. Energy leaving

fe— - A +R)—— - -= surface a does not affect the radiosities By, Bo,
I ™ or Bz since the surface is transparent to radiant
‘<\G 3 2 \\: energy. It is also assumed that €1 = €p = €3 =
constant. Energy incldent on imaginary surface a

is defined as
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where € is denoted as the apparent emissivity and B is defined as the
radiosity of a surface and for surfaces 1, 2, and 3 is

B = €oT* + (1 - €)(ByFy.2 + BzFy.3) (D2a)
4

B, = €oT® + (1 - €)(ByFp_ 5 + BzFp_3) (D2b)

Bz = eoT* + (1 - €)(2B1Fz.7) (D2c)

Tt is obvious that By = By; thus, the radiosities are equal to

-coT*(1 + Fi.3 - €Fqy_z)

Bl = B2 = (DBa)

2
Fi_o - €F1_5 - L +2(1 - €)°F1_3F=z_7

2(1 - €)Fz_1e0T*(1 + Fy_z - eFp_x)

By = eoT* - (D3b)

2
Fr.o - €F.5 - 1 + 2(1 - €)°Fy_zFz_7

Substitute equations (D3a) and (D3b) into equation (D1) and solve the result
for E:

2¢(l + F1_3 - eFl_3)[Fa_l + Fg_zFz_ (1 - e)]
1+ €eFip - Fy_o - 2(1 - €)8Fy _zFz_q

€ = eFg =z + (D4)

where the view'factors are defined by the following expressions obtained from
geometric considerations:

RO
. 0
Flp=1-2[1+-2 1-v—-9+1 + cos~l| —L— (D5)
7 R, L Ro + 2
T T
Ro
2| 1 Ro 1 -1 T
= = | = |1 - — = cos _
Fi.z = = Ro( L+l>+20 oL (Ds)
- =+
L L
RO

(D7)
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o3 (DB)

i3
Fz.1 =7 7 F1-3 (D9)

Results of the numerical solutions of equations (D4) to (D9) are shown in fig-
ure 7 where apparent emissivity of the finned-tube cavity is plotted against
aspect ratio for three values of hemispherical emissivity.

Once the apparent emissivity of the configuration has been obtained, the
overall gray-body effectiveness can be calculated from the expression

¥, = €Nn (D10)
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APPENDIX E
COMPUTER PROGRAMS

Minimum Welght Program

SIBFTC MAIN NOLISTsNOREFsDECK

C

aXaXaNalaNaNakal

alaNaXaNaXaNaNaXaXakakaXeNaNaNaNaXaNaXa)

DIMENSION HSLV(6324)sBCDUMY(12)3sA(5)9B(5)sC(5)9sD(5)Y9sE(5)sF(5)
IDIIN(4) s FLNIN(G4) s TSMALI (&) »CAYKPR(4)sDELTAI(4)sTEMPDO(4)
2DELCIN(4) sRHOGSR{4) sFNPRNT (4) s DVHPRT (4) sDLHPRT (4) o WVHPRT (4) »
3WLHPRT(4) s YPRINT (4) s SDPOPS(4) sDPPLHP (4 )sBIGZPT(4) sGEEPRT (4) s
4PSTDOR(4) sFLOWA(4)»UZERDP(4)sVZERDBP (4) sELSC(4)sVLIQP (4) 9 TOLV (L)
SUVHP (4 ) sRADWP (4 ) s ASTARP (4) s ASPECT (4) s QROWPP (4) sQRPRT (4) s QVHOQR (4) »
6APRIM{4)sQUALS(4) sSPQVH(4)sTSTR{4)sQREJAW(SL) s TLVPRT(4) 920D (4
TWPOPE(4) s FMPRNT (4)

COMMON HSLVsAsALILSALPHASAPRIMEZASTARYBIBETASBIGZsCsCAPNsCAYHy
1CAYKsCHI »CPGsCPLsDsDELCsDELCLHsDELCVHDELTASDISDIATsDLAY
2DLHsDPOPLHsDPOPSsDPOPVHDPSUMSDRLDX s DTSC9DVH DXSUMSE
3ELSBCIEM23ET sFyFHHaFLNs FMESH» FMUG s FMUL s FPRIME s GAMTO4 3 KOL s NFINAL »
4PANEL s PCHALL ¢PHIsPIESPRES2sPSTARSQALSTRQSsQUAL29sQVHIRIRADWS
5RHOC s RHOF s RHOG ¢RHOGS s RHOL yRHOP sRHOT sRLP s SIGE s TAUs THERKF s THERKT s TL »
6TLOsTO s TSMALL»TSTASTSTARSTUBEA» T2+ T33UVHIUZERDO»VBARSVLHIVLIQY
TWOOTsWLHsWRsWVHsY s ZNsKUO s VZERD

MINIMUM WEIGHT PROGRAM,.

THE MAIN PROGRAM READS AND WRITES ALL OF THE
INPUTS AND DUTPUTS, AND DOES THE CYCLE ANALYSIS.

1 PIE=3.,1415926
SIGMA=1,713E-9
EPSL=0,.9
SIGE=SIGMAXEPSL
FMESH=30.
TSTA=0,5000E~03

THE FOLLOWING READ STATEMENTS RESPECTIVELY

1) READ THE CONSTANTS FOR THE ENTHALPY AND
ENTROPY CURVE FITSe

2) READ THE CONSTANTS FOR THE RL AND PHI-G
VERSUS CHI CURVE FITS.

3) READ THE METEOROID PROTECTION CONSTANTS,.
4) READ THE TITLE OF THIS RUN.

5) READ THE THERMODYNAMIC CYCLE CONDITIONS
AND SEVERAL INPUTS FOR THE RADIATOR DESIGN.

2 READ (59212)0(HSLV(IsJ)sI=136)9J=194)
READ (59202)((A(I)sB(I)sCUINsD(IIsECI)sF(I))9l=1,5)
READ (59201)ALPHA,BETA,VBARALIL sFPRIME,,RHOP
3 READ (5+203)FLUID, (BCDUMY(I)sI=1512)
READ (59201)T1sT3sDTSCHETAT QP s DPOPVHIPESETAGyCAYPsPCHAL2sVLH
1PANEL sDPOPS
Te=T1
T2=T3
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T4=T3-DTSC

WRITE (64228) R

WRITE (6+213)

WRITE (6+214) :

WRITE (6+203)FLUIDs (BCDUMY(I)s1=1+12)

WRITE (64+214)

WRITE (69207)T1sT29DTSCHETAT QP sDPOPVHSPESETAGsCAYP3VLHPANEL s
1DPOPS

WRITE (64214)

WRITE (69219)YALPHASBETALALIL sRHOP,,VBAR

HL4=HSFIT(T4s1)

HL3=HSFIT(T3,1)

HL6=HSFIT(T6+1)

HVI=HSFIT(T1,2)

SL3=HSFIT(T3,2)

SLE=HSFIT(T6+2)

SV2PP=HSFIT(T24+4)

SVI=HSFIT(T1ls4)

HVZ2PP=HSFIT(T2+2)

FHH=HV2PP-HL?3

Q63=HL6-HL3

Q34=HL3~-HL&4

QIN=Q34+Q63+T1%(SV1-SL6)
WBAR=Q63+T1%#(SV1-SL6)-T3*#(SV1-SL3)—-QP
QS =QIN-WBARX¥ETAT

T20T1=72/T1

WDOT=0.,948%PE/ (CAYPXETAG*WBAR®ETAT)
ETHERM=WBAR/QIN

ETAC=ETAT*ETHERM
QUAL2=(T3%(SV1-SL3)+WBAR® (1 ,-ETAT))/(T3*%(SV2PP-5L3))

IF(PCHAL2) IS POSITIVE, THEN ALL OF THE ENTROPIES AND ENTHALPIES
FOR THE VARIOUS CYCLE POINTS WILL BE PRINTED 0OUT,.

IF(PCHAL2)5+594
4 WRITE (69205)HL4sHL3 sHLEsHVIsHV2PPsSL3sSL6EsSV2PPSV1

READ THE ADDITIONAL INPUTS REQUIRED FOR THE
DESIGN OF THE RADIATOR.

IF PCHALL IS POSITIVEs A PRINT-DUT OF

THE PRESSURE DROP ANALYSIS WILL 0OCCUR FOR THE
FINAL VALUE OF UZERO FOR EACH DIAMETER.

5 READ (5+201)CAYH s THERKF s THERKT s RHOT yRHOF s ET o FNs PN» TAU

1RHOCSDELCVHs PCHALL
READ (59201)FMUL 4 FMUGIRHOL 4+ PRESZ29sCPGsCPLIRIDISTRTSDELDISREAD

N=FN

RHOG=PRES2/(R*T2)

IF(CAYH)T 5647
6 CAYH=1.15
7 WRITE (69210)CAYHsFPRIME S THERKF s THERKT sRHOTsRHOF sET sFNsPNsTAU

1RHOCSsDELCVH

WRITE (6+211)FMULsFMUGsRHOL yPRES2sCPGsCPL 4R
8 WRITE (6s204)WBARSQUAL2+sQINsETHERMsWDOTSETAC,T20T1sFHHsRHOG
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11
12

13
14

124

15

122

121
123

DI=DISTRT/12.0+3*DELDI/1240
DO 17 M=1,4

1=5-M

IF(RHDC) 1451459
IF(DI-0.0208333)10410511
DELC=0.00125

GO TO 14

IF(DI-04041666)12512513
DELC=0.0C125+0,02%(DI-0,0208333)
GO TO 14

DELC=0.04%D1

CALL GUIDE(MsNsPN)
IF(KOL)155155124

RADWP(1)=040

QREJAW(I1)=040

QROWPP (1)=040

GO TO 16

DIIN(I)=124%DI

QRE J=QS-QP

ASTAR=Y¥BIGZ/EM2

APRIME=({3600,0*WDOT*QS-QVH) /(SIGE*T2%%4)

FLNIN(I)=12.%FLN
TSMALT(1)=124%TSMALL
CAYKPR(1)=CAYK
DELTAI(1)=124,%DELTA
TEMPO(I)=TO
DELCIN(I)=12+*DFLC
RHNGSR (11=RHOGS
FNPRNT (1)=CAPN

DVHPRT (1)=DVH
DLHPRT({I)=DLH
WVHPRTAT)=WVH
WLHPRT(I)=WLH
WPOPE(I1)=WR/PE
YPRINT(I)=Y
SDPDPS(1)=DPSUM/PSTAR
DPPLHP (1)=DPOPLH
BIGZPT(I11=B1GZ
TLVPRT(I)=TL
Z0D(1Y=BIGZ2/DI
GEEPRT(1)=WwDOT/({CAPN*TUBEA)
PSTOR(I)=PSTAR
FLOWA(TI)=TUBEA*CAPN
UZERDOP(I)=UZERD
VZEROP (1)=VZERD
ELSC(I)=ELSBC
VLIQP(I)=VLIQ
TOLV(I)=TLO
UVHP (1) =UVH

RADWP (1)=RADW/PE
ASTARP (1)=ASTAR
IF(PANEL—2,0)121921214122
ASPECT(1)=Y/2.0/B1G2Z
GO TO 123
ASPECT(I)=Y/B1GZ
QR=3600.0*WDOT*#QS~QVH
QROWPP (1) =0R/WR
QRPRT(1)=QR

QVHOQR (1) =QVH/ (3600, 0*WDOT*QREJ)
APRIM(I)1=APRIME



QUALS(TI)=QALSTR
SPAVH(1)=QVH/(3600,0*WDOT)
TSTR(I)=TSTAR
QREJAW(1)=QREJ*3600,0%¥WDOT/RADW
16 DI=DI-DELDI/12.0
17 CONTINUE
WRITE (69220)
WRITE (69221 ) ((DIINCI)oFLNIN(I)sTSMALI(I)sCAYKPR(I)SsDELTAI(I ),
1TEMPO(I)sDELCIN(I)sRHOGSR(TI)sFNPRNT(I)s DVHPRT(I)}sI=1s4)
WRITE (64222)
WRITE (63221)((DLHPRT(I1)sWVHPRT{I)sWLHPRT(I) sWPOPE(I)sYPRINT(I)
1SDPOPSII) sDPPLHP (1) sBIGZPT(I)»TLVPRT(I)sZOD(IY)sI=144)
WRITE (64+224)
WRITE (69221)((GEEPRT(I),PSTOR(I) sFLOWA(TI)SUZERGP(I)sVZERGP(I),
1ELSCUTI) sVLIQP(I) s TOLVII I sUVHP (1) sRADWPI(I))sI=1y4)
WRITE (€4+226)
WRITE (69221)((ASTARP(1),ASPECT(1)sQROWPP(I)4QRPRT(1)sQVHOQR(I)»
1APRIM(1)sQUALSI(TI)»SPQVHITI)sTSTR{I)»QREJAW(I)) 3I=194)
IF(READ=140)332,2

202 FORMAT(5E12,.8)

201 FORMAT({10E8.5)

203 FORMAT(13A6)

204 FORMAT(1HO»8XsE6HWBAR =E124597XsTHQUAL2 =E12e5»9Xs5HQIN =E124596X>
18HETHERM =E1245,8XsE6HWDOT =E1245/1H +8XsE6HETAC =E12e5+7Xs7HT2/T1 =
2E1245511X93HH =FE124598Xs6HRHOG =E1245)

205 FORMAT(LHOs3Xs5HHLL =E124593X95HHL3 =E126593X s5HHLE =E126593X0
15HHV1 =E124593Xs 7THHV2ZPP =E12¢5+5X95HSL3 =E12,5/1H s3Xs5HSLE =E12.5
291Xs7THSV2PP =E124592Xs5HSV] =E1245)

207 FORMAT (1HO»10X»4HT1 =E12,5910Xs4HT2 =E1245+8X+6HDTSC =E12e598X>
16HETAT =E1245s10Xs4HAP =E12e5/1H +EXs8HDP/PVH =E1245910X94HPE =
2E12e598Xs6HETAGC =E12e45910Xs4HKP =E124599X9s5HVLH =E12e5/1H 96X
38HPANELS =E12e544Xs10H(DP/P*)T =E12.5)

210 FORMAT(1HOs8Xs6H K H =E12¢598Xs6HFBAR =E1245310Xs4HKF =E12,5%
110X 94HKT =E1245+8XsEHRHOT =E1245/1H +8Xs6HRHOF =E12.5910Xs4HET =
2E12e5911Xs2HN =E12e5+8Xs6HP(N) =E12e539Xs5HTAU =E12.5/1H 58Xy
36HRHOC =FE12¢596XsEHDELCVH =E1245)

211 FORMAT (1HOs8Xs6HMU L =E124598XsEHMU G =E12e598X9EHRHOL =E12459
110X 94HPZ2 =E12e548Xs6HCP G =E1245/1H +8Xs6HCP L =E12,5511Xs3HR =
2E12.5)

212 FORMAT (6E12.8)

213 FORMAT(1H1)

214 FORMAT(1H )

219 FORMAT(1IHOs7TXsTHALPHA =E124598XsEHBETA =E12.597Xs7HA LIL =E12.5»
17Xs 7THRHO P =E12,598X96HVBAR =E12.5)

221 FORMAT(1IH 510E1345)

220 FORMAT(1IHOs4Xs6HDI INes8Xs5SHL TNesb6X9s9HT SML INes8Xs1HKs8XsIHDELTA
1 INesEXsEHTEMP (OsEXsEHDELC INes7XoeSHRHOGH*5 10X s IHN 311X s 2HDVH)

222 FORMAT(1HO 96X s2HDLHs 10X s 2HWVHs 10X s 3HWLH 99X s SHWR/PE» 10X 9 1HY s 7X
1SH(SDP/P¥)T4EXs6HDP/PLHs10Xs1HZ311X93HTLV 10X s3HZ/D)

224 FORMAT(1HOs6Xs3HGEE s 1OX 9 2HP ¥ 59X s6HFLOW AsE8Xs&HU(O) 99X e&HVIO) 10Xy
13HLGC 99X s 4HV L) 9 QX9 4HTOLV s 10X s2HUVHBXs6H W/PE)

226 FORMAT(1HO»€Xs2HAP 311X+ 2HAR 310X+ SHQR/WR 39X s2HQR +8X s8HQVH/QREJ 96X
16HAPRIME 98X s EHQUAL ¥ 36X s THQVH-SML s OX 9 2HT* 38X s 6HQREJ /W)

228 FDORMAT(1HL/1HL)

END
$IBFTC GUIDE NOLTISToNOREF 4DECK»DEBUG
C

SUBROUTINE GUIDF(MyNsPN)
C

DIMENSION HSLV(694)9A(5)sB(5)»C(5)sD(5)sC(5)sF(5)
COMMON HSLVsASALIL+ALPHASAPRIME,ASTAR+BsBETASBIGZ ¢+CsCAPNyCAYH),

58
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1CAYKsCHI sCPGsCPL9DsDELCsDELCLHIDELCVHsDELTASDISDIATSDLA,
2DLHsDPOPLHSsDPOPS s DPOPVHsDPSUMsDRLDX sDTSCsDVHs DXSUMSE s

3ELSBCsEM2 sETsF s FHHsFLNsFMESH s FMUG s FMUL s FPRIME s GAMTO4 4 KOL s NFINAL»
4PANEL s PCHALL sPHI s PI1EsPRES2sPSTARIQALSTRIQS»QUAL2+QVHIRSRADWS
SRHOCsRHOF s RHOG s RHOGS ¢ RHOL s RHOP sRHOT sRLP s SIGE s TAUs THERKF s THERKT s TL »
6TLDsTDs TSMALL sTSTASTSTARSTUBEAs T2 T3sUVHSUZERDSVBARSVLHSVLIQ
TWDOT s WLHsWRsWVHsY9ZNsKLIOsVZERD

THIS SUBROUTINE CONTROLS THE ITERATIONS ON QVH AND UZERO,.

IF(M=1)1s1,2

T0=T2

UZERO=400.0

DEILTA=0,02

QVH=50,0%WDDT*3600,.,0

FLN=0410

SVEL=SQRT(32,14*%ET/RHOT)
DELTAL=2.%FPRIME*ALIL
DELTA2=(RHOP*¥62,45/RHOT)1%¥%0.5
DELTA3=(VBAR/SVEL)*%¥0,66667
DELTA4=(6eT4T7E~5/RHOP ) %#%¥0,4,3333
CALL ENBARS(NsPNsENBAR)
DELTAS=(ALPHA*TAU/ (ENBAR¥ (BETA+14)))%%(1,/(3,%¥BETA))
DLA=DFLTA1XDELTAZ*DELTA3XDELTA4*DFLTAS
UL=0.0

UH=0.0

MP=0

CAPNS=0

NFINAL=0.

KugQ=0

L=0

KQVH=0

KCAPN=0

CALL SUBW

QALSTR=QUAL2-QVH/ (FHH*WDDOT*3600.0)
IF{QALSTR)I254+25 44

RHOGS=PSTAR/ (R®*TSTAR)

CAPN=4 4 #WDOT*QALSTR/ (PIE*RHOGSH*UZEROXDI*DI)
QVHSV=QVH

CALL SUBHI(L)

QVHTST=0.5%TSTA* (QVHSV+QVH}
IF(ABS(QVHSV—-QVH)-QVHTST)112+12,11
KQVH=KQVH+1

IF(KQVH~-2515+5425

QVHSV=QVH

IF(NFINAL)10+10,471

CALL SUBK(MP)

DELUO=100.0

IF(MPY42442443

DELUD=DELUD/2.0
UZERO=UZERO~-DELUO*2,0

MP=0

GO TO 22

DPOPS1=DPSUM/PSTAR
DPTST=0.5%TSTA%(DPSUM+DPOPS®PSTAR)
IF(DPOPS)649654+64

DPTST=,001
IF(ABS(DPOPS*PSTAR-DPSUM)-DPTST 135425421
IF(ABS{CAPNS—CAPN)—=0e5)26+26+21
UZEROS=UZERO

IF(DPOPS*PSTAR~DPSUM) 14,414,417
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UZEROH=UZERD
DPSUMH=DP SUM
IF(UL)16+164515

UH=1.0

GO TO 20
UZERO=UZERO-DELUD

UH=1.0

GO TO 22

UZEROL=UZERD
DPSUML =DP SUM
IF(UH)19+19,18

UL=1.0

GO TO 20
UZERB=UZERD+DELUO

UL=1.0

GO 70 22

DELU =UZEROH-UZEROL
DDELP=DPSUMH-DPSUML
DDELP1=DPSUMH-DPOPS*PSTAR
UZERO=UZEROH-DELU *DDELP1/DDELP
KUB=KUO+1
IF(UZERD-25000141941+25
IF(KUD-30)61+61426
CAPNS=CAPN

GO TO 4

KOL=1

GO TO 34

KOL=0

THIS SECTION ROUNDS OFF THE NUMBER OF TUBES TO
AN INTEGER NUMBER.

UZERON=UZERD

CAPNNS=CAPN

JCAPN=CAPN

FCAPN=JCAPN
IF(ABS(CAPN—FCAPN)=0e5127+27+28
CAPN=FCAPN+1.0

GO 70 63

CAPN=FCAPN

FCAPNS=CAPN
UZERO=UZEROS—(CAPNS—FCAPNS)*(UZEROS~UZERON) / (CAPNS-CAPNNS)
IF(UZERO~-2500401314314532
UZERD=25C0.0

NFINAL=1
IF(UZERO—-10040)59959+37
UZERO=100.0

Kugd=Ku0+1

UZEROS=UZERON
CAPNS=CAPNNS
IF(KUG-50)60+60+25
UZERON=UZERO

GO 70 6

CAPNNS=CAPN

DEBUG FCAPNSsUZERDSs CAPNSSUZERONy CAPNNSsUZERO 9 CAPN

IF(ABS({CAPN-FCAPNS)-0,001)33533,29
L=1

CAPN=FCAPNS

CALL SUBK(MP)



CALL SuBHI(L)

34 RETURN

END

$IBFTC SuBW NOLIST,NOREF,DECK :

c

NN NAN

SUBROUTINE SUBW
DIMENSION HSLV(694)sA(5)9B(5),C(5)sD(5)sE(5)4F(5)

COMMON HSLVsASALILJALPHALZAPRIME JASTARBsBETASBIGZ sCsCAPNsCAYH,
1CAYKsCHI s CPGsCPL D4 DELCsDELCILHIDELCVHsDELTASDISDIATHDLAS
2DLHsDPOPLHsDPOPS s DPOPVHsDPSUMsDRLDX s DTSCeDVH s DXSUMS E
BELSBCeEM2 9ET 9 F o FHMHsFLN s FMESH s FMUG» FMUL s FPRIME , GAMTO4 s KOL s NFINAL »
4PANEL s PCHALL sPHIsPIFsPRES2sPSTARSQALSTR QS sQUAL2sQVHIRIRADW,
5RHOC yRHOF s RHOG s RHOGS s RHOL s RHOP sRHOT sRLP s SIGE » TAU s THERKF s THERKT o Tl s
6TLO s TO s TSMALL s TSTASTSTARSTUBEAST2sT3sUVHIUZEROsVBARSVLHIVLIQ,
TWDOT sWLHsWRsWVH Y sZNsKUOsVZERD

THIS SUBROUTINE SOLVES FOR T*,P*,TO,DELTA, AND
THE FIN GEOMETRY,

XPTF=14-QVH/(QS *WDDT*3600.0)
CO2CUH=140/(2+%322%778¢%*FHH)
TSTAR=T2¥{1e—CAYH*UZERD*UZEFRO*CO2GJIH)
PSTARA=2,#32 42 %R%¥TSTAR
PSTAR=PSTARA*¥PRFS2/(PSTARA+CAYH*UZERD*UZFRD)
KTDL=0

DIAT=DI+2+*{(DELC+DFLTA)
GAMTO4=SIGE*DIAT*0,5%ALOG(DIAT/(DI+2,*¥DFLC))
KTO=0

TO3=TO*%*3

CTO41=GAMTO4*T03%TO

CTN42=~THERKT* (TO-TSTAR)

TOSAV=TO
TO=TO-(CTO41-CTO42) /(4 *TO3*GAMTO4+THERKT)
TOTST=045%TSTA®(TOSAV+TO)
IF(ABS(TOSAV-TO)~TOTST) 4443

KT3=KT0+1

IF(KTO-25)29294

KTL=0

FT=0.85

FF=04R5

ETAF=0,55%

FVH=04,85

GAML 3=8¥RHOF*SIGE*TO3/THERKT

GAML2=9 4,43 *RHOF*SIGEXFT*TO3*DIAT/ (THERKT*FF*ETAF)
GAM=0,9%PIE* (RHOC*DELC* (DI+DELCIY+RHOT*DELTA*(DIAT-DELTA))
CL3=GAML3*FLN¥*%3

CL2=GAM—GAML2*F L N¥*¥%2

FLNSV=FLN ’
FLN=FLN=(CL3-CL2)/(FLN*(3,*GAML3*¥FLN+2.%¥GAML2))
FLNTST=0.5*TSTA® (FLNSV+FLN)
IF(ABS(FLNSV-FLN)-FLNTST) 7476

KTL=KTL+1

IF(KTL-25)595s7

AVC1=PIEXDIAT*XPTF*QS %#3600,*WDOT
AVC2=PIE*DIAT*FT+4 *ETAF*¥FF*FLN
AVC3=SIGE*T03%*70

AVCC3=SIGEXT2%%4

AV=AVC1/ (AVC2*®AVC3)+QVH/ (FVH*AVCC3)
DAV=(1./AVC3 )% (2. %AVC1/ (AVC2XDIAT)—AVCL1*¥2,*PTE*FT/ (AVC2*AVC2))

61
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DELTAS=DELTA
Cl03B=14/(34*BETA)
DELTA=DELTA-{DFELTFAS—DLA*AV*%C103B)/(1,+DLA®C103B*DAV®AVE*(C1038—1.
1)) e

DLTYST=0.5*TSTA*(DELTAS+DELTA)

IF(ABS(DELTAS-DELTA)-DLTST)9+9+8

KTDL=KTDL+1

IF(KTDL=25)1351,49

DIAT=DI42.%(DELC+DELTA)

QT=PIE*FT*DIAT*SIGE*TO3*TQ

QF =2 o *ETAF*FLN*SIGE*TO3*TO%FF
CAYK=(QT+2.%QF )/ (SIGE*PIE*DI*TO3%T0)

ZN=(3600.,0%WDOT*QS =QVH) 7 (QT+2.*QF)
TSMALL=2.*SIGE*FLN*FLN*TO*%3/(0,9%THERKF)

RETURN

END

$IBFTC SUBK NOLISTsNOREF,DECK

C

C

C

aNaNaXaNaNaNaNaNaNaXa)

62

W N

SUBROUTINE SUBK({MP)
DIMENSION HSLV(654)sA(5)14B(5)9C(5)sD(5)sE(5)sF(5)

COMMON HSLVsAsALILSALPHASAPRIME sASTARsBsBETASBIGZsCsCAPNsCAYH
JCAYKosCHI s CPGsCPL 9Dy DELCyDELCLHsDELCVHSWDELTASDISDIATHDLA,
2DLHsDPOPLHsDPOPS s DPOPVHsDPSUMsDRLDX sDTSCsDVH s DXSUMsE
BELSBCIEM29ET s FeFHHsFLNoFMESHs FMUG» FMUL 4 FPRIME s GAMTO4 4 KOL s NFINAL
4PANEL s PCHALL sPHIsPIESPRES2sPSTARSQALSTR QS sQUAL29sQVHIRsRADW
SRHOCsRHOF s RHOG s RHOGS ¢ RHOL yRHOP s RHOT sRLP s SIGE s TAU» THERKF o THERKT s TL »
6TLOsTOs TSMALL s TSTASTSTARSTUBEAST2sT33UVHSUZERDSVBARSVLHLVLIQ,
TWDOT sWLHsWRsWVH Y s ZNsKUO 4 VZERD

THIS SUBROUTINE DOES THE PRESSURE DROP ANALYSIS
FOR TWO-PHASE TURBULENT-TURBULENT FLOW.

THE ANALYSIS TAKES FMESH NUMBER NF SMALL
SECTIONS OF THE TUBEs WHERE DELTA-WL IS THE
SAME FOR EACH SECTION.

DELTA-X AND DELTA-P ARE THEN FOUND FOR EACH
SECTIONs AND THE DELTA-PsS ARE ADDED TO FIND
THE TOTAL DELTA-P FOR THE TUBE.

IF(NFINAL)343,1
IF(PCHALL Y3432

PRINT=1,0
QS1=CAYK*SIGE*PIE*DI /3600,
TOX1=SIGE*DIAT*ALOG(DIAT/(DI+2*DFELC)Y 1/ (240%THERKT)
wW=WDOT/CAPN

FUH=T778 ¢ *FHH

GJ=T7T78e%3242
TUREA=PIEXDI*¥D1 /440
GD1I3=32,2*DI*DI*DI
WL=(1,~QALSTR) *W

WG=W-WL

DELWL=WG/FMESH

P=PSTAR

T=TSTAR

TX=T

PX=P

TOX=TN

DISTX=0.,0

DPSUM=0,40
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DXSUM=040
RHOGS=PSTAR/(TSTAR*R)
CHIC1=(RHOGS/RHOL ) * {FMUL/FMUG) %¥%0,2
CHI=SQRT( (WL /WG)*%]1 ,8%CHIC1)

CALL RLAFEG(CHIsPHISRLPsDRLDX»AsBsCsDsEsF)
VZERO=WL/ (RHOL®*TUBFA*RLP)
WL1=WL+DELWL/2.0

WG1=w-WwL1

IF(PRINT)5,544

DIPRNT=12.%D1

WRITE (65102)DIPRNT

WRITE (6+100)

MESH=FMESH

DO 8 J=1,MESH

RHOGA=P/ (R*T)

CHIC1={RHOGA/RHOL)* (FMUL/FMUG)*%*0,2
CHI=SQRT{({({WL1/WGl})**1,8)*CHIC1})

CALL RLAFEG(CHIsPHIsRLP4DRLDX3sAsBsCsDsEsF)
RGP=1¢-RLP

V=WL1/(RLP*TUBFEA*RHOL)

U=WG1/ (RGP®*TUBEA*RHOGA)

V2=V*y

U2=u*uy
U2COFF=14—0,9%CHI*W*DRLDX/ (RGP*WL 1)
V2COEF=1e—0e9%CHI #*W*DRLDX/ (RLO*WG1)
REGP=4,%WG1/(PIEXDI*FMUG)
DPXF=—PHI*PHI*0,092%FMUGX*FMUG*REGP*%*1,8/ (GDI3*RHOGA)
DPMDW1=049%DRLDX*CHI *W
DPMDW2=2.0-DPMDW1/(RGDP*WL 1)

DPMDW3 =2, -DPMDW1/ (RLP*WG1 )

DPMDW4 =RHOGA*U2*RGPXDPMDW2/ ({32 ¢ 2¥WG1 )
DPMDW5=RHOL*V2*RLP*DPMDW3 /(32 4 2%*WL1)
DPMDWX=DPMDW4—-DPMDW5
DPC1=(CPL*WL1+CPG*WG1)*T /(FJH*RHOGA)
TOX=TX/{1e+TOX1¥TOX%%3)
QS2=QS1*TOX**4

DX1=QS2+DPC1%*DPXF
DX2=FHH-V2%V2COFF/GJ+U2#U2COEF/GJ-DPC1#DPMDWX+{U2=V2) /(2 4*GJ)
DX=DX2*DELWL/DX1

DP=-DPMDWX*DELWL —DPXF*DX
DELT==T*DP/(FJH*RHOGA)

IF(PRINT) 74759

WLT=WL1%CAPN

DISTX=DISTX+DX/2e

WRITE (65101)DISTXsWLT 9P sTosRHOGASUsVsCHI sRLP 4PHI sDPXF
DISTX=DISTX+DX/2e«

P=P-DP

IF(P)10510,11

MP=1

GO TO 12

T=T+DELT

TX=T

PX=p

WL1=WL1+DELWL

WG1l=W-WL1

DPSUMEDP SUM+DP

DXSUM=DXSUM+DX

CONTINUE

TL=TX

TLO=TOX

VLIQ=wW/{ TUBEA*RHOL)
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CONSTG=4*W/(PIEXDI*DI)
ELSBC1=300.%CPL*CONSTG/ (CAYK*SIGE)*DI
ELSBC2=1e/(TL-DTSC)*¥3-1,/TL*%3
ELSBC=ELSBC1*ELSBC2

BIGZ=DXSUM+ELSBC

C
PRINT=0.0
C
MP=(Q
12 RETURN
100 FORMAT(1H +3Xs8HPOSITION »6X92HWL 911X9s1HP»11Xs1HT 99X s5HRHD G9s9Xs
11HU»11X91HVs11X91HXs11X9s2HRL 96X s 5SHPHI Gs4Xs6HDPF/DX)
101 FORMAT(1H +s9E124.49F8e59E1244)
102 FORMAT(1HL+71HPRINT-0UT OF STEP-BY-STEP PRESSURE DROP CALCULATIONS
1 FOR TUBE DIAMETER=F5,3s3HIN,)
END
$I1BFTC SUBH NOLISTSNOREF 4DECK
C
SUBROUTINE SUBH(L)
DIMENSION HSLV(694)3sA(5)sB(5)sC(5)sD{(S)sE(S5)sF(5)
C
COMMON HSLVsASALILsALPHASAPRIMEsASTARBSBETASBIGZ yCsCAPNsCAYHs
1CAYKsCHI sCPGsCPLsDsDELCsDELCLHDELCVHsDEFLTASDISDIATSDLAS
2DLHsDPOPLHsDPOPS s DPOPVHIDPSUMeDRLDXsDTSCeDVHs DXSUMSE
3ELSBCEM2sET sF o FHHsFLNsFMESHs FMUG s FMUL s FPRIME s GAMTO4 ,KOL yNFINAL
4HPANEL s PCHALL sPHISPIESsPPES2sPSTARIQALSTR QS sQUAL2+sOVHIRsRADWS
SRHOCsRHOF sRHOG sRHOGS s RHOL s RHOP s RHOT sRLP s SIGE s TAUs THERKF s THERKT s TL »
6TLOsTOs TSMALLSTSTASTSTARSTUBEASsT2sT3sUVHIUZERDsVBARSVLHSVLIQY
TWDOTsWLHsWReWVH Y s ZNsKUO s VZERD
C
C THIS SUBROUTINE SETS THE VALUES OF M1ls M2, M3,
C DEPENDING UPON THE NUMBER OF PANELS, IT THEN
C FINDS THE HEADER SIZESsQVH,s, AND THE RADIATOPR
C COMPONENT WEIGHTS,.
C
IF(L)1s1s6
1 IF(PANEL~-24.0)243394
2 EM1=1,0
EM2=1,0
EM3=1,0
GO 10O 5
C
3 EM1=2,0
EM2=0,5
FM3=1,0
GO TO 5
C
4 EM1=1,0
EM2=0,5
EM3=0,5
C

5 Y=2,O%EM2*¥CAPN*(FLN+0,5*DI+DELC+DELTA)
DVHC1=0.,00357*%Y*FMUG*%0.2
DVHC2= (2 *WDOT*QUAL2*EM] ) %%] . 8*FM]
DVHC3=RHOG*PRES2*DPOPVH*PTE*¥],8
DVH=(DVHC1%DVHC2/DVHC31¥¥(1./4.8) .
FVH=O.85
QVH=24,0944%STGEXFVHRY*¥DVH*T2%%4
GO T 9

6 DLH=(2.0%EM3*WDOT/(PIEX*RHOL*VLH) ) #%¥0,45
RELH2=(RHOL*DLHXVLH/FMUL ) *%¥0,2
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9

DPLH=0,00051%RHOL*VLH*VLH*EM1#Y/ (RELH2%*DLH)
DPOPLH=DPLH/(PSTAR-DPSUM)

DELCLH=0404%DLH

IF(DELCLH-0,01)8+8,7

DELCLH=0.01

WVH1=(DVH+DELCVH) *(Y +DELCVH) ¥*DELCVH*¥RHOC

WVH2={DVH+2 . #DELCVH+DELTA) * (Y +2 o *DELCVH+DELTA) ¥*RHOT*DELTA
WVH=0,666667%3,1415926% (WVH1+WVH2)

WLH1=RHOL*DLH*DLH/4 (0+RHOC*DELCLH* (DLH+DELCLH)
WLH2=RHOT*DELTA*® (DLH+DELTA+2.*DFLCLH)

WLH=

Y®*(WLH1+WLH2)*PTE/EM2

WP1=RHOC*DELC*(DI+DELC)

wp2=
wWP3=

RHOT*DELTA* (D142 . ¥DELC+DELTA)
6,0%1e713E~09*RHOF X (FLN®TQ) *¥%3/THERKF

WR=CAPN*BIGZ* (WP3+PIEX(WP1+WP2))
RADW=WVH+WLH+WR

UVH=EM1%#2 , ¥WDOT*QUAL 2/ (DVH¥DVH*RHOG*PIE)
RETURN

END

$IBFTC HSFIT NOLISTsNOREF4sDECK
FUNCTION HSFIT(T,J)

an

[aXaNaNaXa! [a]

DIMENSION HSLV{6s+4)

COMMON HSLYV

THIS

X

SUBROUTINE OR PROGRAM FUNCTION 1S THE ENTHALPY AND ENTROPY

CURVE FIT.

SHSLV(1 9 )Y +TH(HSLV (2 9J) +TH¥{HSLV{3 s J)+TH(HSLV (4,4 J)

1+T* (HSLVIS s J)+TH(HSLV(6+J))) ) ))
HSFIT=X

RETURN

END

$IBFTC RLAFEG NOLIST,NOREF,DECK,sDEBUG

C

(]

T

NN NN

SUBROUTINE RLAFEG(CHIsPHI4RLP+sDRLDX9sAsBsCsDsESF)

DIMENSION HSLV(694)sA(5)9B{5)3C(5)sD(5)sE(5)sF(5)

HIS
AND

SUBROUTINE IS THE <CURVE FIT SUBRODUTINE FOR THE RL
PHI-G CURVE FITS.

IF(CHI-1004)19142

ELX=

ALOG10(CHI)

IF(«001-CHI)34+3,5

NA=0

GO TO 6
NA=4 . +ELX
GO TO 6

CHI=

100.0

GO TO 1
IF{NA) 75748

PHI=

1.0

DFEGDX=0.
GO T0 11

PHI=

ELX*(ELX*A(NA)+BINA)YI+C(NA)

PHI=10,0%%PH1
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11
12

13

14

SIBFT

10

66

RL VERSUS CHI CURVE FIT FROM

IF(NAY1245124513

RLP=104%*ELX

DRLDX=104**¥ELX/CHI

GO T0 14
RLP=ELX*¥({ELX*D(NA)I+E(NA)Y)Y+F(NA)
RLP=10,%*%RLP
DRLDX=RLP* (2 *¥ELX*¥D(NA)Y+E (NA))/CHI
RETURN

END
C ENBARS NOLIST.NOREF.DECK
SUBROUTINF FNBARS (NsPOFN,FNRAR)
DIMENSION PATCH (20)

DIMENSION PATCH (20)

IF (N)Y 1142

ENBAR= —-ALOG(POFN)

GO TN 3

IF (N=2) 4,545

DELP = 1.0- POFN

ENBAR= SQRT( -2.0% ALOG(POFN))

EMINN = EXP(-ENBAR)

IF (DELP - +005) 64657

EFDOP = (1.0+ ENBAR) * EMINN - POFN
GD TO 8

ALFK = o5 * ENBAR ¥% 2

FOP = ALFK

CIM2 = 1,

CUM1 = 2,

DO 9 J = 3,16
IF (ABSUALFK/FOP) — 14E-=10) 8,8,1

cJ = J

ALFK = -ALFK * CJM1 * ENBAR / CJ / CumM2
FOP = FOP + ALFK

CIM2 = CUM1

CIM1 = CJ

EFAP = FOP ~ DFLP

EFPRIM = — FNBAR * FMINN

FOFP = EFOP/EFPRIM

IF (ABS(FOFP/ENBAR) — 5¢F —=5) 343
ENBAR = ENBAR - FOFP

GO 70O 13

WRITE (6+12)

RETURN

FORMAT (17HK N IS TOO LARGFE )
END

THIS

11

POINT

ONe.

0010
0020
0030
0040
0050
0060
0070
0080
0090
0100
0110
0120
0130
0140
0150
0160
0170
0180
0190
0200
0210
0220
0230
0240
0250
0260
0270
0280
0290
0300
0320
0310
0330
0350



$DATA

-e10916+2 022663+0 -3,18786-5 7¢6005-9
«201365+0 «580306-3 ~¢31184-6 +90984—-10 —-,10291-13

¢961893+3 «21716+0 ~e69939-4 »117904~7
44549740 ~7¢1959-3 667336 ~342936-9 842908-13
344400606-02243920305-014,4,4800374~01 ~e84205~1 «51266+0
—¢70418+07.2800108-023,7840032~-015,7280021~-01 -e84205-1
¢51266+0 ~e70418+01,3680009~014.9280009-01642320000-01
—-eB4205-1 «51266+0 —e7041840142999988-014,8100011-01
662199998-01 ~e84205-1 «51266+0 ~e70418+0749999027-02
5e6200306~016,0099775-01 ~e84205-1 «51266+0 ~« 7041840

53000-1013400+4+0198400+0517500+0110000+0144000+00
EXAMPLE RUN FOR THE KREBSs HALLERs AND AUER REPORT-POTASSIUM-BERYLLIUM
24600+0417000+0410000+0375000+ 020000-011 490000+0090000+00

40000+0140000+01050004+0

11500+0151500+0251500+02115004+0311500+0339700+100

10000-01

HL
SL
HV
-8¢353-17SV

POT
POT
POT
POT

099500+0050000+0353000+03

93100-0459700-05425704+0285120+0312680+0018420+0037970+0237500+0025000+0017°000+01
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Parametric Program

SIBFTC ETAA NOLISTSNOREF »DECKsDEBUG

aNaNe!

20

SUBROUTINE ETAA(ETASFLRsFLAMsTHSOsFMESHSTST)
TO OBTAIN ETA USING SUBS. INTGRL AND DEQZ2

DEBUG ETASFLRSFLAMyTHSOsFMESHSTST
DIMENSIGON FX(501)sTH(501),FAX(501)
POW=4,0

MESH=FMESH

CALL INTGRL(MESHsFAX»FLR)
MOSH=MESH+1

D0 20 J=1.MOSH

TH{J)=1.0

CONTINUE

C=FLAM

THSO04=THSD*%4

THSO41=1.~-THSO4

MOSH=MESH+1

DO 4 J=1,MOSH

FX{J)=FLAM*® (-THSO4-THSO41*FAX(J))
CONTINUE

MASH=MESH+1

DEBUG (FX(J)sJ=1sMASH)

CALL DEQ2(THsFXsCsPOWsMESH,TST)
SLOPE=-(1e-TH{2) ) #*FMESH
MASH=ME SH

THSO4=THSDO*#*4
THA=1e=(1e=-TH{(2))/4.0
THA4=THA**4

FRL=1e/FLR

FRL2=FRL*FRL

X=1le/ (4o *¥FMESH)

FAX1=1¢—0e5%SQRT({ (FRL+X)##2—FRL2)/(FRL+X)—0e5%SQRT({(FRL+2¢=X)#%*2~

1FRL2)Y/ (FRL+2+—-X)
FINTG=2.-THA4-THSOL
FINTGA=0.5*FINTG*FAX1
DO 3 J=2,MASH
THAL=TH(J)*x4



FINTG=2+=THA4-THSD4
FINTGA=FINTGA+FIMNTAXFAX(J)
3 CONTIMNUE
MCSH=MESH+1
THA4=TH(MCSEH) **4
FINTG=2.-THA4~-THSOA
FINTGL=(FINTGA+Q«5*F INTG*TAX(IMCSH) }/FMESH
THSD41=1.-THSOG
ETA=(THSO41+FLR*FINTOGL-FLR*SLOPE/FLAMY/ (THSDO41# (14+FLR))

RETURN
ZND

$IBFTC DEQZ NOLIST,NOREF SDECK s DFBUA
SUBRIOUTINE DEQ2(THsFXsCsPNsMESHSTST)

C B. LINDOW VERSION OF KALABASS METHND

DIMENSION TH(501)sB(520)sD(5CN)sE(5C0)sF(500)sFX(501)

FMESH=MESH

DX=1e/FMESH

DX2=DX*DX

DGC=CxPOW*DX2

PMI=POW=-1.0

FDC=(—-PM1)*C*DX2

KCNT=0

DEEUG FMESHsDXsDX2,DGCoPM1,FDC
14 THPLV=TH(Z2)**P0OuW

B(1)=2«+DGCHTHPOW/THI(2)

D(L)=FDCH*THPOW+DX2%FX{2)-1.0

E(1)Y=R(1)
Fily=1.0

C
THPOW=TH(3)**PNW
B(2)=2.+DGC*THPOW/THI(3)
D2=FDC*THPOW+DX2*FX(3)
E(2)=1e=E(1)%B(2)
Fl2)=E(1)
D(2)=D(11+D2%*E(1)

C
MASH=MESH-1
DO 27 J=3,MASH
THPOW=TH(J+1) #**p 0
B(J)=2.+DGC*THPOW/TH(J+1)
D2=FDC*THPDOW+CX2*FX (J+1)
E(J)=F({J-1)+B Uy *t (J-1)
FlJy=—-E(J=-1) ~
D(J)y=D(J=-1)-D2*F (J=-1)

27 CONTIMUE

C
THPOW=TH(MESH+1) **P W
BIMESH) =2« +DGC*THPOW/ TH(MFSH+1)
D2=FDC*THPOW+DX2*¥FX (MFSH+1)
S(MESH)=2 ¢ #F (MEFSH=-1)+R (MFSH) ®*E (MEFSH-1)
D(MFSH)=+2 4 #D(MFSH-1)-D2*F(MESH-1)
TH{MESH+1)=D(MFSH) /E{MESH)

C

MRSH=MESH+1

DEBUG KCNT

DEBUG(FX(J) »J=1,M0SH)
DEBUGITH(J) s J=14MOSH)
DEBUG (B{J),J=1,MESH)
DEBUG (F{J)sJ=14MFSH)
DEBUG (F({J)sJ=14MF3H}
DEBHG (D(J)sJ=14MESH)



3C KTST=C
MOSH=MESH-1
DO 35 J=1sMOSH
JJ=ME SH~J+1
THSV=TH(JJ)
JO=JJ-1
IF(J-MESH+113142s2
31 THJDN) =(=TH(JI+1)*F(JO)Y+D(JO) ) /ECID)

GO 70 3
2 THOJDN) ={(TH(JI+1Yy*F(JDY =D (JO)Y/7E(JO)
3 J=J
C
DEBUG THSVsJJsTH(JJ)
C
IF(ABS(THSV=TH(JJ))=TST)35+35,32
32 XKTST=KTST+1
35 CONTINUE
C
DEBUG KCNT sKTST
C

36 IF(KTST)45,45537
37 KCNT=KCNT+1
IF(KCNT-25)14914540
40 WRITE (6s41)KCNTHKTST
41 FORMAT(1H s22HTROUBLE SEE SUBR. DEQ2s4Xs5HKCNT=1354X,5HKTST=13)
45 RETURN
END
$IBFTC INTGRL NOLIST,NOREFsDECK,DEBUG
SUBROUTINE INTGRL(MFSH,FAXsFLR)
DIMENSION FAX({501)
FMESH=MESH
DELX=1./FMESH
FRL=1e/FLR
MOSH=MFSH+1
DEBL 3> FMESHsMESHsDILX s THSOs THSO4 s THSO41 s FLRSFRL
X=040
DO 1 J=1.MOSH
FXAL1=FRL+X
FXA2=FXAL1*FXAL
FXA=SQRT (FXA2-FRL*FRL)/FXAl
FXBL=FRL+240-X
FXR2=FXB1*FXB1
FXB=SORT(FXB2-FRL*¥FRL)/FXB1
FAX(J)=1e—0e5%*(FXA+FX3)
X=X+DELX
1 CONTINUE
MASH=MESH+1
DEBUG (FAX(J)sJ=1sMASH)

RETURN
END
$IBFTC EEAA LISTSREFSsDFCK

SUBROUTINE EEAA(FLR,EAA) 001
DIMENSION EAR(5) 002
EAR(11=0,917 004
EAR(2)=0.908 005
EAR(3)=0.905 006
EAR(4)=0.902 007
EAR(5)=0.9 008
IF{FLR=2.0)11s14514 009

11 FLR1=0,0 010
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nn

AN

14
16

19
22

25
27

30

40
45

12
18
20
310
21
22
311
23
312
1C4

103

DFLR=2,0

J=1

GO TO 30
IF(FLR~-4.0116919519
FLR1=2.0

DFLR=2.0

J=2

GO TO 30
IF(FLR-8.0122525+25
FLR1=4,0

DFLR=4.,0

J=3

GO 710 30
IF(FLR=-16.0)27+40540
FLR1=8,0

DFLR=8,0

J=4

DEAA= (FLR=FLR1)/DFLR¥(EAR(J)-FAR(J+1))
EAA=EAR(J)-DEAA

GO TO 45

EAA=0.9

RETURN

END

SUBROUTINE TABLE (ETATOTSFLRsFNCsTABL)

DIMENSION TABL(13s36)

FLSAVL=FLR

IF(FNC) 79418418
IF(FLR-10.0)2C,10C,5100
IF(FLR-8.0)31C4301,301
IF{(FLR-640)2151015101
IF(FLR=-4.0)2251025102
IF(FLR-3.0)311,302+302
IF(FLR-2.0)2351025103
IF(FLR-145)312,5303,30C2
IF{(FLR-1+0)7151045104
I=1

DELL=045

FLRT=1.C

GO TO 6C

I1=3

DELL=1.0

FLRT=2.0

GO TO 60

I=5

DELL=2.,5

011
012
013
014
015
016
017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033

71



72

101

[S\]
(@]
w

302

100
300
30
31

299

97

41
40
60
200
206
371
370
372
110

209

67

FLRT=4,0

G0 TO 60

I=6

DELL=2.0

FLRT=6.,0

GO TO 60

=2

“LRT=1.5

DELL=045

GO TO 60

I=4

FLRT=3,0

DELL=1.,0

GO TO 60

I1=7

FLRT=8,0

DELL=2.,0

GO TQ 60
IF(FLR-154)299+2994+300
IF(FLR=2040199+99530
IF(FLR-20.0)984+98531
IF(FLR-50e40)973s97s32
I=8

FLRT=10C.0

DELL=5,0

GO T3 60

1=9

DELL=5,0

FLRT=15,0

GO 70 60

I=1¢C

DELL=10.0C

FLRT=20,0

GO TO 60

I=11

DELL=20.0

FLRT=30.,0

GO TO 60

I=12
IF{FLR-105C401409414+41
FLR=1050

GO T8 40

DELL=1000.0C
FLRT=5040

GO TO 60
IF(FNC-5.0)67270+200
IF(FNC-2040)2C9,211+206
IF(FLR-5040)37043705371
ETA=4145

GO TO 372
ETA=e86567785+FLR¥(-e1701984+FLR¥(+4012712537-FLR¥,000191947))
WRITE (69s110)FNC
FORMAT({1HOs42HFNC OUT OF RANGE-SEE SUBROUTINE TABLE-FNC=E12.5)
GO TO 71
FJ=21le+(FNC~-5.0)
J=FJ

FAJ=J

FRAC=FJ-FAJ

K=2

GO 17 61
FJ=FNC/0425+140



61

210

70

72

213

214

211

79
71

$DATA
1.C00
« 770
e 726
l1.00C
«690
«629
1.000
«632
«56C
1.00¢C
«558
<470

J=FJ

FAJ=J

FRAC=FJU-FAJ

K=0
DEL1=TABL(IsJ)-TABL(I+1,J)}
DEL2=TAEL(TsJ+1)-TABL(I+1sJ+1)
FRAC1=(FLR-FLRT)/DELL
ETAL=TABL(1,J)-DELI*FRACI1
ETA2=TABL(1sJ+1)-DEL2%FRACL
ETA=ETA1-ETA2
IF(K=1162+725210
IF(K=2121345212,4,214
ETATOT=ETA1-FRAC*ETA
SLPME=-4.0%ETA

FLR=FLSAVE

GO T0 71

J=2C

K=1

G0 TO 61

ETATOT=ETA2

SLPME=-4,0%ETA

FLR=FLSAVE

GO 1O 71
ETATOT=ETA1-FRAC*ETA
SLPME=-ETA

FLR=FLSAVE

GO T0O 71

ETATOT=ETA2

SLPME=-ETA

FLR=FLSAVE

GO 70 71

J=35

K=3

GO T3 61

ETA=1,0

RETURN

END
e921 +880 4854 4834 4820
e 766 4762 4759 4756 «754
e 723 o720 4718 <716 L7114
¢893 4838 4803 777 758
e684 4679 4675 675 <667
e625 4621 L6118 4615 L613
e874 4809 4767 736 713
e626 2619 4615 <610 L4605
¢555 4550 4546 4543 540
849  4TT71 4720 <684 4656
«550 o543 4537 531 4526
«4BhL 4458  W454 4449 G446

«809
e 751
e 713
e 742
«663
«610
«695
«601
«537
«634
«521
o443

«800
e 749
e 711
« 730
0660
«608
«680
«598
«535
«616
«516
«439

« 7192
« 747
« 710
«719
« 657
« 607
e 667
«594
«533
«601
«512
« 437

«785
e 740
« 709
« 710
«648
«605
«656
«583
«531
«588
« 498
434

« 779
e 734
«708
«702
640
«603
647
«573
«529
e 577
« 487
2432

77,
«73
«70
«69
«63
«50
«63
«56
«52
«56
47
43

73



1,000 +833
«513 4504
«415 4408

1.000 816
462 $452
¢352 «Zt4

1,000 +806
o433 4423
«318 309

1,000 4800
o415 +405
0296 o287

1.000 792
«391 +380
«265 4256

1,000 788
«378 367
«250  «240

1.000 4783
«365 4354
e 234 224

1.000 780
«355 344
«221 W211

1.000 768
«342 4330
£ 207 W196

-+10916+2
«201365+0
e961893+3

4¢549740

« 747 4692
«497 4490
«402 &397
«721 &659
o443 4435
¢338 4332
« 707 J642
o4ll 4406
«302 4295
«697 4631
«395 387
«279 4273
«685 4615
«370 4361
«248 241
678 4,607
«357 4348
«232 4225
«672 4600
«344 L334
«216 L208
e 667 4593
«333  ,324
«203  L195
«648 4580
«318 4308
«187 ,180
e22663+0
«580306-3
«21716+0
-741959-3

«652
«483
¢392
«615
o428
«326
«595
«398
« 290
«583
«379
0267
«565
353
235
«556
339
218
«547
«326
«202
« 540
«315
«189
«526
«300
+173
_301
-3
—eb
6e

«621
477
«388
«581
422
«321
«560
«391
285
«546
«372
«261
«527
«345
229
«517
¢332
«213
.508
«318
«196
«500
«307
«183
<487
«291
«167
8786-5
1184-6
9939-4
6733-6

«597 W 577
472 467
«384 4380
«555 4533
e 416 4410
«317 4313
«531 4508
«384 0379
«280 +276
«217 4493
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DIMENSTION HSLV(Es4) 98CDUMY (12)4A02)sB(5)sCUD)sD(5)9sE(5)sF(5),
IDTINCL ) o FENIN(4) s TSMALT (4) s CAYKPR(4) oDELTAT (L) s TOMPM(4)
2UELCIN(4) sRHOGSR (4) oF NPPNT(4) sDVHPRT (4) s DLHPRT (4) sWVHPRT (4)
AWLHPRT (4) s YPRINT(4) s SOPAPS(4) 3DPPLIIP(4) sBIGZPT(4) $sGEFPRT (4)
4PSTUR(4 ) s FLOWA (L) sUZERDP (4) s VZERDOP (4) sELSC{L)Y o VLIQP(4) s TOLVI4)
S5UVHP (4 ) sRADWP (4) s ASTARP (4 ) s ASPECT {4) s GROWPP (4 ) s QRPRT (4) s QVHOQR (4) »
EAPRIM( ) sQUALS(4) sSPAVHI4L ) s TSTR(4) sQREJAW(L) s TLVPRT(4)sZ0D(4) s
TWPOPE(4) s FMPRNT (4) sDBA(4550)sTABL(13536)

RELRE{S5N) sFNCDR(50N)

COMMIN HSLVsAsALIL sALPHAZAPRIMF s ASTAR 3R 9yRBFTASPIG7 9CsCAPMsCAYH Y
TCAYK o CHT o CPGSCPL ol oMFLC eNFLCLHaNELOVH S DFLTA ST sNTAToDLAY
2DLHsDPOPLHDPLERS s DPAPVH s NPSUMZDRLDX sDTSCoDVHs DXSUMSE
3ELSBCsEM2 o FTor obillia FLNsFMTSH FMUG s FMUL 3 FPRIMF s GCAMTO4L 4 KTL s NFINAL s
GPANFL sPCHALL o”HI s P IE P RES2sPSTAT s SALSTR 9GS s CUALZ2sSVH IR s RPADW
SRHOC s RHGOF ¢ RHMOIG ¢ PHUGS s RHOL s RHUOP ¢ RHIT ¢ RLP 9 SIGE s TAUs THERKF s THERKT s TL s
ETLO s TN g T MALLsTCTAST TARGTURFAST29T39lIVHIIZFROSVEARSVLHIVLIQY
TUOTT o WLH s WR s WV H Y s 7N 3 K1) g V7 FRM
R EPSLsFTAASSFLRsFNCsF Vi, SIAMASTHTAS s TST 4 WRBAP

PARAME TRIC STUDY DRNGRAM
THE MAIN PRNARAM READS AND WRITFS ALL NF THF
INPUTS ANI. DIITPUTSs AND DAFS THE CYCLF AMALYSIS

1 PIF=2,1418626
SIAMA=] G 713F =0
FoSL=n,9
SIRF=SIAMAXEDSL
FMFSH=20,
TSTA=D.5000F =013

THE FOLLOWING RIAD STATEMENTS RESPFCTIVILY

1) PEAD Ti¥ «ANSTANTS FMOP THT FNTHALPY AND
ENTRIPY CHRVEI FITS,.
A) HL
B) SL
Cy HV
D) SV

2) RFEAD THF CONSTANTS F IR Tin Ry ANE PRHI-7
VERSHS CHI CURVF FITS,

4) RFAD THL METEAROID PROTECTINN CANSTANTS,

4) PEATS THL TITLY 07 THIS RUN,
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5) READ THE THERMODYNAMIC CYCLF CONDITIONS
AND SEVFRAL INPUTS FOR THFE RADIATNAR DFSIGN,.

IF(JFRROR) 309203

READ (50232)((TABL(IsJ)sJ=1+36)s1=1413)

REZAD (52121 {{HSLVI(TIsJ)sI=196)9sJ=1s4)

READ  (59202)((ACI)sBII)sClI)sD(I)sFE(TI)oF(I))sI=145)
READ (59201 )ALPHASBETASVBAR SALIL sFPPIMF 4RHAP

READ (59203)FLUID (BCDUMY({1)sI=14512)

READ (592011 T1sT3sDTSCsETAT sQP s DPOPVHIPE sETAGSCAYP 4PCHAL2 s VLH s
1PANFLNPNDS

JERRNR= 1]

T6=T1

T2=T3

T4=T3-DTSC

WRITE  (6,228)

WRITE (64213)

WRITE (6s214)

WRITE (69203 )VFLUIL s (BCLUMY (T)sI=1912)

WRITF  (69214)

WRITE (64207 T1sT2s0TCoFTAT +QP osDPOPYH 3PE 4FTAC,CAYP 3 VLHsPANEL
1NPAPS

WRITFE  (Ae214)

WRITF (69215 )ALPHEASEFTASALIL oRHAP S VAR

HLA4=HSFIT(T491)
HL3=HSFIT(T3s1)

HLA=HSTIT(Ths1)

HV1I=HSFIT(T1s3)

SL3A=HSFIT(T342)

SLAE=HSFIT(TA,.2)

SVZ2PP=HSFIT(T2+4)}

SVI=HSFIT(T1s4)

HVZ2PO=HSFIT(T24+3)

FHH=HY2PD-H| 3

Q63 =HL4A-HL?

N034=HL3-HL4

QIN=C24+062+T13#(SV1I-5LA)

WRAR=QAZFTI* (SVI-SLA)-T2%(SV1I-SL2)-N"
QS =0IN-WRAR*FTAT

T20T1=T2/T1

WPOT=04948%PF/ (CAYPXETAGHWBARXETAT)
ETHFRM=WRAR /O IN

ETAC=FTAT*FTHERPM
QUALZ2=(T3%¥(SVI-SL2)+WBAR® (Le—ETAT) )}/ (T3%(SV2PP=-SL3))

F(PCHAL2) IS POSITIVFs THEN ALL F THF ENTROPIES AND ENTHALPIFS
IR THE VARINUS F~YCLT POINTS WILL RF PRINTEN AQT,

IF(PCHAL2)594594

4 WRITE (AaZ05 ) L4 9HL3 9HLS s HV 1 s HVZPP s SL39SL6s5VZPD LSV

RE/AD THE ADDITIONAL INPUTS RIQUIRFEDR HNR THF
NFSIAN NF THE RANTIATNAR,

IF PCHALL IS POSITIVEs A PRINT-0OUT OF

THE PREFSSURE DROP ANALYSIS WILL OCCUR FOIR THE
FINAL VALUE OF UZERD FOR EACH DIAMETER.
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5 READ (5,2C1)CAYH s THFRKF s THERKT sRHOT sRHNF s ET s FNyPNsTAU
1RHOC sNFLCVHsPCHALL
READ (59201 )FMUL s FMUG 9 RHOL9PRES2sCPGsCPLIRSDISTRTSDELDI $RFAD
N=FN

RHOG=PRES2/(R#*T2)
IF{CAYH)Y T 4647
6 CAYH=1,15
7 WRITE (692101 CAYH oFPRIME o TH{FRKF s THERK T sRHNAT s RHOF sET s FNsPNsTAU
1RHOCSDELCVH
WRITE (569211 )FMULsFMUGIRHOL»PRES29sCPGsCPL SR
8 WRITE (69204 ) WBARSQUALZ »QINSETHERMaWDOTSsETACST20T1sFHHRHOG

REFAD(55201) THTASsFVH,TSTsBJBA4SFMES 4TST1sTARLCTA

READ(5,234) JRDs (FLRD(J) sJ=1sJRD)

RTAD(54234) JNDs (FNCD(J) 9d=1sJIND)

BJND=JUND .

BJRD= JRD

WRITE (69236) THTAS»FVHeTSTsBJBALSFMES »TST1»BJRDsBINDs TABETA
WRITE(6+238)

JBA4= BUBA4

DI=DISTRT/12+0+(BJBA4—14.0)*DELDI/1240

1350
1360
DO 50 JJUN=1,4JND
FNC= FNCD(JJIN)
1370

DO 40  JJR=1,sJRD
FLR= FLRD(JJR)
IF (TABETA) 42442941
42 CALL ETAA(ETATOTsFLRsFNC,THTASSFMES oTST1)
GD TN 43
41 CALL TABLE (ETATOT4FLRsFNCsTABL)
43 CALL FFAA(FLRSFAA)
FTAAS=FAA¥ETATAT

DO 17 M=1,JBA4
1= JUBA4+1-M
IF(RHAC)I 14491459
9 IF(DI-0,0208333)104510511
10 DELC=0,n0125
GN TN 14
11 IF(DI-0.,041666)12512513
12 DELC=0,001254+0,02%(DI~-00208333)
GO Ta 14
13 DELC=0,04%DI
14 CALL GUIDF(M,N4PN)
IF(KNL)Y1B415,174
124 RANDWP(T)=0.0
ORNWPP(T1)=Nn,0
GO TN 16
15 DIIN(I)=12.%DI
QREJ=QS-QP
ASTAR=Y*RIG7Z /EM2
APRIMFE=(3600.0#*WDOT*QS~-QVH) /{SIGE*T2%%4)
FLNIN(T)=12%FLN
TSMALT(I)=12.%TSMALL
CAYXPR({I1)=CAYK
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DELTAI(I)=12.%PFLTA
TEMPO(1)=T0
DELCIN(T)=124%DFLC
RHAGSR (1) =RHAGS
FNPRNT(1)=CAPN
DVHPRT (1) =DVH
DLHORT (T)=DLH
WVHPRT (1) =wVH
WLHPRT (1) =WLH
BIGZPT(1)=BIGZ
WR= WRAP*CAPN¥BIGZ
DBA(Is4)= WR
RADW= NRA(Is4) +WVH+ WLH
DRA(Is5)= RADW
WPNPFE (1)=WR/DF
YPRINT(T)=Y
SDPOPS(1)=DPSUM/PSTAR
DPPLHP (1) =DPNPLH
TLVPRT(I)=TL
Z0D(1)=RICZ/DI
GFFPRT(1)=WDOT/ (CAPN¥TUBFA)
PETNR(])=PSTAR
FLOWA(1)=TUBFA*CAPN
UZFRNAD (T)=UZFRN
VZERDP (1)=V7ERD
ELSC(I)=ELSBC
VLIQP(I1)=VLIQ
TOLV(I)=TLN
UVHP (1) =1IVH
RADWD ([)=PADW/PF
ASTARP (1)=ASTAR
IF(PANFL=2.,0)12151215122
122 ASPECT(I)=Y/2.n/BIG7
GD TN 123
121 ASPECT(1)=Y/BIG7
123 OR=26N0N,C*WDAT*NS=NVH
QRAWDP (1) =NP /WP
ARPRT(T)=NR
QVHOAR (1) =0VH/ (3600, 0%WDNT*ARE)
APRIM(T)=APPME
QUALS(I1)=0ALSTR
SPOVH(1)=0VH/ (3600 ,0%WDIT)
TSTR(T1)=TSTAR
OREJAW (1) =MRE %2607, N*WDNT/RADW
16 DI=NT=PFLDT/12,40
17 CNONTINUF
WRITE (65244) FLRsFNC
WRITF  (6,5220)
WRITE  (65221) ((DIIN(I)sFLNIN(I)sTSMALI(I)sCAYKPR(I)sDFLTAI(I),
1TEMPO(T)sDELCIN(I) sRHIGSR (1) sFNORNT(I)s DVHPRT(I)) s1=1sJBA%L)
WOTTE  (64222)
WRITE (6+221) ( (DLHPRT (1) sWVHPRT(I)sWLHPRT (1) sWPOPE(I)sYPRINT (I}
1SNPAPE (1) sNPPLHP (1) sRIA7PT(T)sTLVPPT(T)s70N(1)) s1=19JRA4)
WMRITE  (fspot)
WRITE  (69221) ((GEFPRT(1),PSTOR(T)sFLAWA(T) 117ERAC (1) 4V7ERNP(]),
TFLSC(TYsVLINP (1) sTALV(T) s 'VHP (1) sRADWD (1)) 91=14JRAL)
WRITE  (65226)
WRITE (69221) ({ASTARP(I)sASPECT(1)sQROWPP (1) sQRPRT (1) sQVHAAR(T) s
TAPRIM(T) sQUALS(T)sSPAVHIT) s TSTR (1) sORFJAW(T)) 5 T=15JRAL)
WOTTE (h5242)
WPITE (65246) ((DRA(TsJ) sJ=4s5)sT1=1sJRNAL)
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4r CONTINUF
AN COMTIMUF

IF(RFAN=]L4N)3 42,2

2N2 FARMAT(5512,R)

201 FNRMAT(1NFR,5)

2N32 FORMAT(13A6)

204 FORMAT(LIHN 38X s6HWEAR =F124537Xs 7THQUALZ2 =F1l24539X9s5HAIN =F12e596X
1BHETHERM =F124548Xs6HWDTT =F1245/1H $8Xs6HFTAC =F12e5s7Xs7THT2/T1 =
2E1245911Xs3HH =F12.538Xs6HRHOG =F12.5)

205 FORMAT(1HO 93 Xs5HHLL =E12¢583X95HHL2 =E124593Xs5HHLE =E124593X>
15HHV1 =F124593Xs THHV2PP =F1245s5X9s5HSL3 =E1265/1H 93X s5HSLA =E1245
291X s THRV2PP =F12¢543Xs5HSV1 =F1245)

207 FORMAT (1HNG1NX 94HT]L =F12e¢591NXs4HT2 =F124538XsAHDTSC =F124558X
16HFTAT =E1245s10Xs4HAP =F1245/1H 3s6Xs8HDP/PVH =F12.5410Xs4HPE =
2FLl24548Xs6HFTAG ZE124541NX34HKP =F12,5s9Xs5HVLY =F1245/1H 36X
B3BHPANFLS =F12e594Xs10H(DP/P*¥)T =F12.5)

210 FORMAT(1IHOsR8Xs6H K H =F12.538Xs6HFRBAR =F1245310Xs4HKF =F1245
110X s4HKT =E12e598Xs6HRHIT =FE12e5/1H sRXsEHRHNF =F1245310Xs4HET =
2E1245411Xs3HN =F124598Xs6HP(N) =E12e6549Xs5HTAU =F1245/1H 38X,
BFOEHRHNC =F1245+6Xs8BHNELCVH =F12,5)

211 FORMAT (1HN3RXs6HMU L =E12e598Xs6HM) G =F12e598Xs6HRHOL =F12450
110X 44HP2 =F12e048X46HCP G =F1245/1H 38X s6HCP L =F12645311Xs2HR =
2F12.5) '

212 FNORMAT (6F12.8)

212 FORMAT (1H1)

214 FORMAT(1H )

219 FORMAT(IHQs7Xs 7THALPHA =E124538Xs6HBETA =E12e597Xs7HA LIL =F1245%
17X s 7THRHN P =F12,598Xs6HVRBAR =F12,5)

221 FORMAT(IH 41NF1345)

220 FORMAT{IHO 94X e6HDT INesB8Xe51IL INesb6XsHT SML INes8Xs1HKs8X s 9HDFELTA
1 INesSXs6HTEMP Q96X sB8HDELC INes7XsS5HRHOGH* 510X s IHN s 11X 9 3HDVH)

222 FORMAT(1IHOs6Xs3HDLH s 10X s 3HWVHs1NX e 3HWLHIOX s SHNR/PE s 10X e1IHY s 7X
19H{SDP/P* ) To6Xs6HDP/PLH» 10X s 1H7 311X s3HTLY 310X s3H7 /D).

224 FORMAT(1HOs6Xs3HGEE s 10X e 2HP* 39X s 6HFLOW Ae8Xs4HUID) sSXs4HVI0O) 910X
13HLSCs9OX s 4HVIL ) s 9X s 4HTLY » 10X s3HUVHI8Xs6H W/PE)

226 FORMAT({IHO 36X s2HAP 411X s 2HAR s 10X 95HAR/WR sIGX s 2HNR 38X s 8HAVH/QREJ 96X »
16HAPRIME 3 8X s SHOUAL* 36X 3 THQVH=SML s OX s 2HT¥* 48X s 6HOAPEJ /W)

2728 FORMAT (IHL/1HL)Y

232 FORMAT (12F6.43)

234 FIARMAT(14,9F845/10F8.5)

236 FURMAT(1HOs7X s 7THTHTAS =E£124599Xs5HFVH =E124599Xs5HTST =E1245
1 TXs THBJBAL =E12.598Xs6HFMES =£1245/71H +s8Xs6HTSTL =E12e50
2 IX s BHUIRD =E124599Xs5HIND =E12e45s6Xs8HTABFTA =E1245)

238 FORMAT(1H )

240 FORMAT(10F13.5)

242 FORMAT(1HQs6Xs3HWTR s 10X 9 4HWTOT)

244 FORMAT(1HO$2XsS5HFLR =F12,534XsH5HFNC =M1245)

246 FORMAT(1H 42F172,5)

END
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SURROUTINE suBwW
SUBW H1 —= LINDDOWS VERSION
DIMENSION HSLV(69s4)sA(5)sB(5)sC(5)sD(5)sF(5)sF(5)

COMMON HSLVsAsALILsALPHASAPRIME sASTARsBsBETASBIGZ sCsCAPNsCAYH,
1CAYKsCHI sCPGsCPLsDsDELCsDELCLHsDELCVHSDELTASDISDIATSDLAS

2DLH +DPOPLHsDPOPS s DPOPVHsDPSUM4DRLDX sDTECsDVH s DXSUMsE
3ELSBCIEM2sET oF s FHHsFLNsFMESH s FMUG o FMUL o FPRIME s GAMTO4 s KGL s NFINAL »
4DANEL s PCHALL sPHIsPIEsPRES23PSTARSQALSTR»GSsQUAL2»QVH SR sPADY s

SRHNC s RHOF sRHOG s RHOGS s RHOL o RHIP s PHOT s PLD s STIGE 9 TAU S THERKF » THERKT s TL »
6TLOsTOs TSMALLsTSTASTSTARSTUBREAST2sT3sUVHSUZERDSVEBEARSVLHIVLIQS
TWUDOT sWLHsWR s WVH Y s ZNsKHD s VZERD

8 EPSLSsETAASSFLRsFNCsFVH> SIGMASTHTASSsTST s WBAP

THIS SUBROUTINE SOLVFS FOR T*4,P#4TO4DFLTAs AND
THE FIN GECMFTRY.

CO2GUH=1e0/(2e#32e2%7TTR4#FHH)
TSTAR=T2%(14=CAYH*UZERO*UZERO*CN2GJH)
PSTARA=24%3242%P*¥TSTAR

PSTAR=PSTARA*¥PRES2/ (PSTARA+CAYH*UZERO*UZEFRD)
DELRA = DFLC

CONSTANT CALC.

THTAS2 = THTAS*THTAS
THTAS4 = THTAS2*THTAS?2
THTASS = 1,N=THTAS4

BETA3 = 140/(3.0%BETA)

FT1 = DI+2.0%DICLBA

FT2 = N 5%STIGMAXFPSL *(THTASS)

XVH= QVH/ (NS%¥3E6NN*WNDNT)

XTF = 1 4,0=XVH

ATNT1= QOSH*¥36NN ¥ WDNT/(CIAMARTHTASS)

ATOT2 = PIF%¥XTF/(2.0%FTAAS* (La0+FLR))
ATOT3 = XVH/(FVH¥FPSL)
ATOT4 = ATOTLI*(ATOT2+ATOT3)

BEGIN T»DELTA CALC.
KCT=0
T= TSTAR

TSTAR2= TSTAR*TSTAR
DELTA=(ATOT4/(TSTAR2#TATARZ ) ) **¥BETA3#DLA
FT6 = FT1+2+0*DFLTA

FT7= ALOG(FT6/FT1)

FT8 = FT2%FTE*FT7
TCU = T*T*T
T4t = TCUXT

0490
0500
0520
0530
0540
0550

0650

068N °
0700

0720
0730
0740
0750

0790
0800
0810
0820
0830
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52

50

47

60

62

63

66

70

71

48
80

FT= T44%FTR + THERKT#(T-TSTAR)
FTD = 4,0#TCU*FT8 + THFRKT

TSV = 7

T = T=FT/FTD

DTST= N S5*(T+TSVIH*TST

IF (ABS(T-TSV)I~ABS(DTST)) 60605
KCT = KCT+1

IF (KCT=80N) 45445447

WRITE (6+4R31KCT

END T CALC.
TCU=T*T*T
Taa=TxTCU
ATOT = ATOT4/Tas
DFLTAS = DFLTA
DELTA = ATNT*¥RFTA3%DLA
DEPUIG DFLTAsT»ST s XVH
DTST = N.5%(NDFLTA+DELTAS)*TST
IF (ABS(DFLTA-PFLTAS)=ABS(NTST)IIT0,70463
KCT = KCT+1
IF (KCT=50) 43,4366
WRITE (6s4R)KCT

FND DFLTA CALC.
RABA=NB*DI+NFLLC +DFLTA
DIAT= 2 ,N*¥RNRA
FI_LN= FLR#RNRA
FKBA1=4,0%¥ROBA*¥FTAASY (1 eN+FLR)
CAYK=FKBALl/(FPSL *DI*DPIF)
WBAL1=T#ROBA*FLPR
WRA2=WRAT*WRALI#WRAT]
WRBAR=4 (N#RHNF #STICMAXWRA)D
WBA4=WRAZ/ (THFRKF¥FNC)
WBAG= RHAC*DFLC*(DI+NFLC)H

WBAG6=RHOT*#DFLTA* (DI+DFELC +DELC +DELTA)

WBAP= PIF*(WRAASEWEAL)+WBAL

TSMALL= 240%¥SIGMA*TCUXFLN*FLN/(THERKF*FNC)

TO= T

GAMTOL=STIGFRDIAT*OJS*ALOG(DIAT/(DI+2.%DFLCH)

ETAF=0,55

TN3= TN##3

FTT= 0,85

FF=0.85

QT= PIE*FTT*DIAT*SIGE*TN3%TN

QF=2 J*ETAF#FLN*SIGE*TN3* TN*FF
ZN=(3600.0%WDOT*QS —QVH)/ (QT+2«*QF)
FORMAT(1H s13HTROUBLF 50,63,16)
RETURN

FND

0860
nB7n
0880
0890
0900
0910
0920
0930
0940
0950
0960
0970
0980

1000
1010
1020
1030
1040
1050
1060

1090

1110
1120

1280
1290
1300
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N =

SURPOUTINE SHBK (MDP)
DIMENSINN HSLV(634)3A(5)sB(5)sC(5)sD(5)sF(5)sF(5)

COMMOM HSLVsAsALILSALPHASAPRIME sASTAR sBsBETASRBIG7 4CsCAPNSCAYH
1CAYK s CHI s CPGsCPL 3Dy NDELCHsDELCLHsDELCYHSDELTASDIZDIATSDLAS
2DLHsDPOPLH 4DPMNPS s DPOOVH s DPSIM4DRLDX sDTSCoDVH I DXSUMGE
BELSBCIFM2 oFT o F o FHHsFLN o FMESH s FMUG o FMIJL o FPRIME 3 FANMTO4L o KDL s NFIMAL o
LPANFL ¢ PCHALL sPHT s PIF 4PRES23PSTAR 3OALSTR 9NSsNUALZ2 sQVHIR s PADW s
S5RHOC ¢ RHOF ¢ RHMNG 4 RHIOGS s PHTL o PHOP yRHOT s R L P s SIGF s TAU S THERKF o THFRKT o T »
6TLO s TO s TSMALL s TSTASTSTARSTUBEAST2 T35 IVHsUZFRMNZVEARSVLHs VLI
TWDOT sWLHsWR s WVH Y s ZN oK1 3 YVZ7ERT,

8 EPSLIETAASSFLRsFNCsFVHSsPCONSTHTASSTST sWBAP

THIS SURROUTINF DAFS THF PRESSHIPE DPAD AMNALYSIS
FOR TWI-FHASF TURBULFNT=TURBULFNT FLOW,

THE AMALYSTS TAKES FMESH NIMRER NE SMAL L
SECTIONS F THE TURFs WHFPF DELTA-WL IS THF
SAME FIOR FACH SECTIONS

DELTA=-X AND DFLTA-P ARE THFN FOUMND FOR FACH
SECTIMNNs AND THE DEFLTA-Ps+S ARF ACRDFD T0O FIND
THE TOTAL OFLTA=-P FOR THFE TUBF.

IFINFINAL)3,251
IF(PCHALL) 25242

PRINT=140"

QS1=CAYK*SIGE*PIE*DI/360".
TOX1=SIGE*DIAT*ALOG(DIAT/(DI+2¢*DELC) )/ {24 0% THERKT)
W=WDOT/CAPN

FUH=T778 ¢ *FHH

GJ=TT8.%22,2

TURFA=DIF*¥DI%D] /4.0

CNI3=3242%¥N1%DT%D]

WL=(1s—QALSTR) %W

WG=W~WL

DELWL=WG/FMESH

P=PSTAR

T=TSTAR

TX=T

pPx=p

TOX=TN

DISTX=Ne0

DPSUM=0,0

DXSUM=A N

RHOGS=PSTAR/ (TSTAR*R)

CHIC1={(RHOGS/RHEOL)* (FMUL/FMUG) %*%042
CHI=SQRT({ (WL/WG)*%]1 (8#CHICL)

CALL RLAFEG(CHI sPHI 4RLP sNPLNX3sAsBsCsDsFsF)
VZEPN=WL/ (PHNL*TUBFA*R D)

WL1=WL+DFLWL /2,0

WEL=v=np ]



M)

[a)

4

\O

1n

11

IF(PRINT)5s544

DIPRNT=12.%DI

WRITE (6+s102)DIPRNT

WRITE (65100)

MFSH:FMFQH

DN R’ J=1,MFSH

RHAGA=D/ (P*T)
CHIC1I=(RPHNGA/RHAOL Y * (FMIIL /FMJA) %5042
CHI=SORT(({WL1/WG1l)*%] ,8)*CHIC1)

CALL RLAFEG(CHT sPHI sRLP sDRLDX sAsBsCseDsFsF)
RGP=1,-RLP

V=WLI/{(RLP*#TUBFAXRHML)

U=WG1/ (RAP%THRFA%XRHNGA )

V2=V*y

U2=1)%1!
U2COFF=1e—049%CHI¥WAXDRLDX/ (RGP*WL 1)
V2COEF=1e—Ca 9% CHI¥WH*DRLDX/(RLP*WG1)
REAP=4 ,#WG1/(PIF#DI*FMUG)H
DPXF==PHI#PHI*04,092%#FMUG*FMUG*RFGPX*] 8/ (GDI3*RHNGA)
DPMDWI=NgO%XDRLDX¥CHI #*W

DPMDW2 =24 D=NPMNW] / (PAD W] T )
DPMDW2=2 4 =NPMDW] / (RLP¥*WGT)
DPMDW4=RHOGA*¥U2#ROAP*DPMDW2/ (324 2%WGE1)
DPMDWS=RHOL*¥YV2¥RPLPX*DPMDW3 /(32 ,4,2%¥WL1)
DPMDWX=DNPMDW4—NDMDORWS
DPC1=(CPL¥WL14+CPGH*WCEL)*T /(FJIR*RHOGA)
TOX=TX/(1e+TOX1%*TOX¥%3)
NE2=081%TNX%*4

DX1=N&2+NPC1#*¥NPPXF
DX2=FHH-V2%¥V2CNEF/GJ+UDP %D CNFF /A J=NDPCIH#NPMRYX 4L (U2=V2) /{2 %))
DX=DX2#¥DFLWL/NX1
PP==DPMDWX*DFLWL—DPXF *PX

DELT=—T#*DP/ (FJH®RHNGA)

IF(PRINT) 737459

WLT=WL1*CAPN

DISTX=NISTX+NX /2

WRITE (69 1NTINTSTX VLT aP o TsRHMNAA U1,V 4 CHI s RLP yPHT DPXF
NDICTX=NISTX4NX/D,

D=D_ND

IF(P)Y1INs10,11

MP=1

GN TN 12

T=T+DFLT

TX=T

OX:D

WL1I=Wl1+DFLWL

\.«.Iﬁl :W—WL 1

DRPSIIM=ND S MDD

DXSUM=NXSUM+DX

CONTINUF

TL=TX

TLN=TN¥X

VLIN=W/ (TURFAX*RHNL)
CIANGTG=4 ¥ W/ {PIF#*¥DTXDT)
FILSBC1l=3N04*%CPL*#¥CIINSTA/ (CAYKX*SIGE )Y *DI
ELSRC2=14/(TL-NTSC)y*¥%*3=1,/TL%%*3
FLSRC=ELSBC1#FLSBC2

BIG7=DXSUM+FLSRC

PRINT=0."
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MO=0

17 RETUIPM

100 FORMAT(1H +3X9s8BHPUSITIONs6X o 2HWL s L1X o lHP 911X s I1HT 39X s S5HRII G99Xy
TIHU o 11X a1HY 9 11X o 1HX 911X s 2HRL 96X o5HPHI CoataX s 6HOPF /DX

101 FORPMAT(IH s9F12,4sFR454F12,.,4)

102 FORMAT(1HL s 71IHPRINT-OUT NF STEP-BY-STEP PRESSURE DROP CALCULATIONS
1 FORP TIIRF DIAMETFR=F54,2,2HIN,)
END

B84
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SIPFTC GUIDF NDFCK

C

C

AR RS

1

™R

SUBRANTIMNE GUIDF M N4PN)

DIMFNSINN BSLV(694)sA(5)sR(5)sC(5)sD(5)sF(5)sF(5)

COMMON HSLV s AsALIL JALPHASAPRIMFZASTAR 4B yBF TASRIGZ 4CsCAPNSCAYH
1CAYK o CHI s CPG 4 CPL oDy DELC 3 DFLOLK o NPFLCVHaDFLTASD T sNTATsDLA,

PDLH ZDPANLHDPARS ¢ DPARPYH s NP SIHM 4DRLNDX ¢ NTSC 4 DVH e NPXSIIMHF

AFLSRC4FM2 oFToF o FHH o FLN s FMFSH s FMUG 9 FMUL o FPP IMFE § AMTOIG 4 KN g MFIMAL
LPANFL s PCHALL 9PHIsPIFsPRES29PSTARSQALSTR 3OS sOUIALZ2sQVH R sRADW

S5RHOC sRHOF sRHOG s RHOGS s RHIL s RHGP s RHOT sRLP s SIGE s TAUs THERKF s THERKT s TL »
6ETLOsTOsTSMALL s TSTASTSTARsTUBEAST29T3sUVHIUZERDsVBARSVLHIVLIQ)Y
THWDOT s WL HsWR ey WVH s Ys 7N X1 3 VZERND,

B FEPSLsETAASSFLRIFNCsFVHsPCONSTHTASsTSTsWBAP

THIS SUBROUTINE CONTRMLS THE ITFRATIONS 0N QVH AND UZFPO,

IF{M=1)141,2

TD=T2

U7FRO=400,0

DFLTA=".02

QAVH=5N N#WPNT#260C .0

FLN=0.1N
SYFL=CNRT(22.14%ET/RHNT)

D LTAL=2 4 #FDRIMEXALTL
DfLTA?:(DHHD%A?.AS/DHHT)%%F.%
DFLTAR=(VRAR/SVYFL) #%0 ,66AA7
DFLTAL=(6.T4TF=5/RHNP)%%N,3333
CALL FNBARS(N,PNsENBAR) ")
DELTAS=(ALPHA®TAU/ (FNRAR* (BETA+1 ) ) ) %% (14/(3,%3FTA))
DLA=DFLTAL¥DFLTAZ¥DFLTA3*DFLTAL*DFELTAS
UL=r,n

(=g

MDD =N

CADNG=N

NFINAL=0,.

Kun=0

L=0

KNyH=N

KrADM=A

CALL <S1tpw

DFOIR NIATNELTA

7 QALSTR=NUALZ-QVH/ (FHRRE*WDNTH#3600,N)

0 D

IF(QALSTR)IZ25425 44

RHNGS=PSTAR/ (R*¥TSTAR)

CAPN=4 ,*WDOTH*QALSTR/ (PIE#RHNGS*UZERO*DI*DT)
NVHEV=NVH

CALL <URHI(L)

QVHTST=N 6% T TAX (QVHSYHNVHY)
IF(ARS(NVHSY=QVH)=-QVHTCT)12+17s11
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11

12
10

43

42

65
64
35
21
13
14
15

1é

17

18

19

2N

22

41
61

2%

2€

20

28

27
63
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KNVH=KOVH+1
IF(KQVH~25)555425
QVHSV=QVH
IF(NFINAL)10+10,71
CALL suBX(MP)

DERUIAS CADNGZRIG?
DFLUA=12C,.0
IF(MD)424,42442
LTLUD=DELUN/2.0
UZERO=UZERN=-DELUNO%240
MB=0

G0 TO 22
peNPsS1=DPSIIM/PSTAPRP
DPTET=No5#TSTA* (DPSIIMENPNPS*DSTAR)
IF(NPNDS) AL saB 464
DPTST=."01

IF{ARS(DPOPSARDETAR-NOSIIMY—DPTETI35435,21

IF(ABS({CAPNS=CAPN)~Ne5)264+26921
UZFPrPNS=UZERN
IF(DPOPSH*PSTAR~DPSUM) 14414417
U7 ERNH=UZERN

DPSIMH=DDB S M
IF(UL)Y16s16415

UH=1eN

GNn 1T 20
UZERN=LIZERN=DF LN

UH=] o N

GO 1O 22

II7ZFRAL=II7FQN

DPSUML =DPSUM
IF(UUH)19,19,418

UL=1."

Gn TN 20
UZERN=UZERO+DFLIN

LlL=1e"

G0 10 22

DELYU =UZFRNHY~-NZEPAOL
NNELP=NDQLIMH-_NDSJM|
DNFLP1I=PPIIIMH-_NDADEXEDCTADR
PY7ERN=IZERPNH~-NEL)] #¥NNELD] /NDFLR
Kin=x{1n+1
IF(UZFRO=2500eN)41441425
IF(KUN=30)614+61,26
CAPNS=CAPN

cO0TN 4

KMNL=1

Gn TN 2y

KAL=0

THIS SECTION ROUNDS
AN INTEGER NUMBER

J7FPAN=117EPA
CAPNNS=CADN

JOADM=CADMN

FCADN=_JCAPN
IF(ABS(CAPN=FCAPN)=0e5)27274+28
CAPN=FCAPN+1,.,0

GR T 63

CAPN=FCAPN

FCAPNS=CAPN

NFF THE

NUVYBER OF TURES T0



29

32
31

60

71

33

34

UZERO= VZ7ERNS—(CAPNS-FCAPNS)®*(UZ7ERNS-UZERIN)/ (CAPNS—-CAPNNS)

IF(UZFPO-2501,0)31,31532
UZERN=2500.0

NFINAL=1
IF(UZERO-10040)59559537
UZERD=100.0

Kii=Kiin+1]

UZFRNS=117FRON
CAPNS=CAPNNS
TF(KUN=50)60,60,25
UZERON=UZERN

Gn TN 6

CAPNNS=CAPN

IF (ABS({CAPN=FCAPNS)=4001)
L=1

CAPN=FCAPNS

CALL SUBK(MP)

CALL SUBH(L)

RETURN

END

334533,29
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$IBFTC SUBH NOLTISTeNORFF4DECK

C
SUBROUTINE SUBHI(L)
DIMENSION HSLV(634)sA(5)+B(5)sC(5)sD(5)sE(5)sF(5)
C
COMMON HSLVsAsALILsALPHASAPRIMF s ASTAR SR sRETASBIGZ 9CsCAPNSCAYH
1CAYK s CHI sCPGR s CPL s DaNFLCsNFLOLH DFLOVH S NFLTASNT o NTAT LA,
2DLHsDPOPLHsDPOPS sDPOPVH s DPSUMsDRLDX ¢ GTSC o DVH e DXSUM S E
B3ELSBCIEM2 sET sF s FHHoFLN s FMESH s FMUG oF AL o FPRIVE o CAMT U4 o KL s MFINAL
GPANEL s PCHALL sPHIsPIEsPRESZ25sPSTARSQALETR sQ % sNUALZsQVH R sRADW s
S5RHOC sRHOF s RHOG s RHUGS s RHOL s RHOP s RHUGT sRLP s S1GE s TAUs THERKF » THERKT s TL »
6TLOsTOs TSMALL s TSTAsTSTARSTUBEAS T2 T35 UVHIUZERTIVEAR SVLHs VL Iy
THUDOT s WILH s WR o WYH Y s 7N oK' T3 VZERM, ]
8 FPSLsETAASSFLRsFNCsFVHsPCNNSTHTASsTST sWBAP
c
C THIS SUBPOUTINE SETS THE VALYFCS OF M1, M2, M3,
C DFPENDING UPAN THF NUVBER TF PANLELS, IT THEM
C FINDS THE HFADFR SIZFS,QVH, AND THF RADNIATOR
C COMPONENT WEIGHTS.
C
IF(LY1s146
1 IF(PANFL-2.C)124354
? FM1=1,"
FM2=1.0
EM3=1.,0
GJ TO 5
-
3 FM1=2.N
FEM2=0,5
FM2=1 .0
G TN 5
s
4 EM1=1,"
FM2=n,8
EM3=0,6
C

5 Y=2,Q%FM2RCAPN*(FLN+0.5*DI+DFLC+DELTA)
DVHC 1= ¢ TOZRTHYRFMUCK®N oD
DYHC2= (24 #¥WDDTHNUALDXEM] J 3347 2% CM]
DVHCR=RHIGHDRF SO HFNODADYHEDTFE*%] ]
DVH=(DVHCI*NDVHC2 /DVYHOB ) %% (1, /448)
FVH=N,R5
AVH=2 ¢ NG44 XS TCFXFVHRYRDVHXT 2 ¥ %4
GO TN 9

6 DLH= (2 N*¥FM3%uDNT/ (PIFX¥RHNL¥VLH) ) %%0,5
RELHZ2=(PHNL#DLHXVLH/FMUL) %%042
DPLH=0 NOQBRIH#RHOLFYLH®VLH*EMI*Y / (RELHZ2*DLH)
NDAD H=ND{ H/(DaTAR_ND QY
NELCLH=N g 04%N L H
IF(NFLOLH=N N1 )R 58,47

7 DELCLH=N,C]

g2 WVH1I=(DVH+DELCVH) * (Y +DFLCVH) ¥DELCVH*RHOC
WVH2 = (DVH+Z o #DFLCVHFOFLT A % (Y +2 o ¥DFLCVHADELTA) RRHAT*FLTA
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WVH=0,666667#3,14158925% (WVHI+WVH2Z)
WLH1=RHOL#DLH*DLH/4 40+RHOACH*DFLCLH* (DLH+DFLCLH)
WLH2=RHOT*DELTA* (DLH+DNFLTA+2 4 #DFLCLH)
WLH=Y* (WLH1+WLH2 ) *PIE/FM2
WP1=RHOC*DELC*(DI+DFLC)
WR2=RHOT*DELTA#(DI+2.*DELC+DELTA)
WP3=4,0%]l 4 7T13E-09*RHOF* (FLN*TN) #%¥3/THERKF
WR=CAPN¥RIG7% (WD34DIF%(WD]1+WwD2) )
RADW=WVH+WLH+WR

UVH=FEM] %2  #WDNTHAUAL 2/ (DVH#DVHXRHNGRO TE)
RETURN

END
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SIRFTC PLAFFA  NOLISTSNNRFF,DECK 4DFRUA

C
SUBROUTINE RLAFEG(CHI sPHI sRLP sDRLDXsAsBsCsDsEsF)
C
DIMENSION HSLV(634)3sA(5)sB(5)sC{5)sD(5)sF(5)sF(5)
C
C THIS SUBRPDUTINF IS THF CURVF FIT <SUBROUTINF FOR THF RL
C AND  PHT-A  CURVF FITS.
-
IF(CHI-1004)1s1s2
1 ELX=ALANGLO(CHI)
IF(e0N1=CHI)253,5
5 NA=C
GO TO 6
3 NA=4+FLX
GO TN 6
2 CHI= 99,99
s T 1
6 IF(NAYT 748
7 PHI=1.N
DFEGDX=0.
GO T 11
& PHI=CLX*{(FLX¥A(NAY+RIMAY)+C(NA)
PHI=1",0%%DH]T
C
C RL  VERSUS CHI CURVE FIT FRAOM THIS PIOINT 0N,
c

11 IF(NAY1I2512,41R

12 RLP=104%*ELX
DRLDX=104¥#FLX/CHI
GO TN 14

12 RLP=FLX¥(FLX*¥D(NAY+F(NA))+F (NA)
RLP=1N, #%P|P
DRLDX=RLP* (2 *¥FLX*¥D(NA)+F (NA)) /CHI

14 RETURN
FND

$IBFTC HSFIT NOLTISTsNORFF 4DECK

FUNCTIAN HEFIT(TsJ)

C
C

DIMENSTINN HSLV(6s4)
C

COMMON HSLV
C
C THIS SUBROUTINE OR PROGRAM FUNCTION IS THE ENTHALPY AND ENTROPY
C CURVFE FIT.
C
C

X SHELV 1 o J)+T* (HSLV (29 J)+TH* (HSLV (39 J)+TH* (HSLV (4 4J)
1+TH (HSLV (59 J)+TH(HSLV(65J))))))
HSFIT=X

C
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RETURN
END

$IBFTC ENRARS NOLIST,NORFF 4NFCK

1in

SUBRDUTINE ENBARS (NsPNFNsFNBAR)
DIMENSION PATCH (20)

DIMENSION PATCH (20)

IF (N) 1s1,2

ENBAR= —-ALQOG(PNFN)

GO TN 3

IF (N=2) 44545

DFLP = 1.0- POFN

ENBAR= SARPT( =2,0% ALNG(PNFN))

FMINN = FXP(—-FNRAR)

IF (DFLP - .005) 65657

EFOP = {1.0+ ENBAR) * FMINN - POFN
G0 TO 8

ALFK = .5 % FNRAR #% 2

FOP = ALFK

cCIM2 = 1,

cJM1 = 2,

PN 9 J = 2,164

IF (ABS(ALFK/FDOP) — 1.F-10) 8,8,1

cJ = )
ALFK = =ALFK * CJM1 % FNBAR / CJ / CJM?2
FOP = FOP + ALFK

CIM2 = CUM1

CIM1 = ¢J

EFOP = FNP — DFLP

FFPRIM = — FNRAR % FMINN

FAIFP = EFOP/FFPRPIM

IF (ABS(FOFP/FNBAR) — 5.F =5) 3,3,11
ENBAR = FNBAR - FOFP

GO TD 13

WRITE (64+12)

RETURN

FORMAT (17HK N IS TOND LARGF )

END

anln
0020
c030
0040
nosn
ooéen
0070
0080
0090
0100
0110
0120
01130
Q140
0150
016én
o170
N18’N
0190
0200
0210
0220
0230
n4n
c25n0
026N
0270
0280
0290
0300
N320
n31in
0330
0350
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Figure 1. - Plane finned-tube direct-condensing radiator,
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Figure 3. - Simple Rankine cycle electric power generating system.
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Figure 4. - Temperature-entropy diagram without pressure drop in radiator.
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Figure 5. - Schematic drawing of finned-tube assembly.
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